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1.1. EUROPEAN SEA BASS LARVICULTURE  
1.1.1. European sea bass 
The European sea bass, Dicentrarchus labrax (Linnaeus 1758), has attracted the attention of 
many different people: scientists, fish farmers, fisherman, foodies and other stakeholders. It 
is a classic European fish, known by a multitude of names. “Loup de mer” and “bar commun” 
are among its French names, while in Spain it is the “lubina” or “róbalo”. In Germany it may 
be listed as “Europäischer Wolfsbarsch”, and in Greek, Turkish and Hebrew, the names 
“lavráki”, “levrek” and “lavrak” refer to the same fish, respectively. In the United States, 
restaurants have adopted its Italian moniker, “branzino” (Vazquez and Munoz-Cueto, 2014). 
The species belongs to the family Moronidae, the temperate basses, and is characterized by 
an elongated, silver-grey body with a terminal mouth that is moderately protractile and with 
two clearly differentiated dorsal fins (Fig. 1). Sea bass can grow up to 100 cm, weighing 15 
kg, although the most common length is around 50 cm. It is a typical marine species, which 
inhabits coastal waters to a depth of 100 m (normally in the winter), as well as brackish 
waters in estuarine areas and coastal lagoons (in the summer). Occasionally this species may 
be found in rivers (Pickett and Pawson, 1994). While the young fish are gregarious, especially 
during the seasonal migrations, adults are less gregarious.  
 
  
Figure 1: European sea bass (Dicentrarchus labrax L.) (Source: Wikipedia Image by Citron) 
 
Sea bass is a voracious predator, feeding opportunistically on almost any available food item. 
The bulk of the diet consists of crustaceans and fish that move on the sea bed or in the water 
column. In the Mediterranean, sexual maturity is reached at three years in males and at four 
years in females; in the Atlantic at four years and seven years, respectively (Pickett and 
Pawson, 1994). Spawning happens in group and takes place offshore from January to May in 
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the Atlantic Ocean and from December to March in the Mediterranean Sea (Pickett and 
Pawson, 1994). The species inhabits water ranging from hypersaline to brackish. Its 
euryhaline (3‰ to full strength sea water) and eurythermic (5-28°C) behaviour permits this 
species to show a wide geographic range of distribution (Vazquez and Munoz-Cueto, 2014). 
Its natural distribution ranges from the coastal waters of the Atlantic Ocean from South of 
Norway (60°N) to Western Sahara (30°N) and throughout the Mediterranean Sea and the 
Black Sea (Fig. 2). Additionally, it has been introduced for culture purposes in Israel, Oman 
and the United Arab Emirates (Le Francois et al., 2010).  
Figure 2: Natural distribution of European sea bass (Le Francois et al., 2010) 
European sea bass wild capture fisheries is relatively modest and was estimated to be little 
under 9 000 tonnes in 2012 (Hillen et al., 2014). The largest share originates from the 
Atlantic Ocean, with France reporting the highest catches. In the Mediterranean Sea, Egypt 
describes the highest catches. An unknown but considerable catch is taken by leisure anglers 
and artisanal fisheries. The combination of slow growth, late maturity, spawning 
aggregation, and strong site fidelity makes sea bass particularly vulnerable to 
overexploitation and localized depletion. Recently, the wild stock of European sea bass has 
fallen to its lowest level in 20 years. Scientific analyses on European sea bass have reinforced 
previous concerns of unsustainable fishing and advise a direct substantial reduction in fishing 
mortality. Once an abundant species, sea bass declined in number by 32% since 2009 (EC, 
2015). At this rate of decimation, the stock is facing a collapse if no action is taken, placing 
the European sea bass on the list of species endangered by overfishing. International 
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scientific bodies have called for an 80% reduction in catches to turn the situation around (EC, 
2015). With food security becoming a pressing global concern, as the world’s population is 
estimated to reach between 8.5 and 10.5 billion by 2050 (UN, 2013) and with capture 
fisheries becoming increasingly unsustainable due to overfishing, aquaculture started to play 
an increasingly significant role in European fish supplies (FAO, 2014).  
Of all non-salmonid species, European sea bass was the first marine species to be 
commercially cultured in Europe, first in coastal lagoons and tidal reservoirs, later in modern 
aquaculture settings. Starting from the late 1970’s, most of the Mediterranean countries 
booked progress in the large scale aquaculture production of sea bass, rendering it to date 
one of the most important aquaculture species of the Mediterranean, worth for a total 
European production of over 160 000 tonnes (FAO, 2014).  
 
 
Figure 3: Global wild capture and aquaculture production of European sea bass from 1950 to 2012 
(Hillen et al., 2014) 
 
In 2012 aquaculture reached a production that was fifteen times higher than global wild 
capture fisheries (Fig. 3), with the latter levelling around 9 000 tonnes (Hillen et al., 2014). 
The main production is located in two countries: Turkey and Greece. Egypt, Spain, France, 
Italy, Croatia, Tunisia, etc. also culture sea bass (FAO, 2014). 
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1.1.2. Life cycle and rearing 
Marine larval culture remains one of the major bottlenecks, impeding the sustainable 
development of global marine aquaculture for most finfish species. It is well demonstrated 
that the highest mortality rates of the entire life cycle are encountered during larval 
development, particularly during transition from endogenous to exogenous feeding, which is 
observed not only in natural environments but also under controlled conditions (Gisbert et 
al., 2014). The high mortality or impaired larval quality that this stage of production is 
suffering from, may be associated with the significant morphological and physiological 
modifications the larva has to undergo to acquire all the adult features by the end of the 
larval stage (Gisbert et al., 2008). Consequently, nutritional and environmental stress factors 
are of great relevance during these ontogenetic phases. Therefore, understanding marine 
fish larval development is essential, allowing the development of better diet formulations, 
disease management and general rearing conditions (current, temperature, salinity, light 
conditions, etc.). In the last few decades many researchers dedicated their investigations to 
European sea bass larvae, making it one of the most studied marine aquaculture species, 
producing over 15 600 hits on Google Scholar. 
European sea bass was historically cultured in coastal lagoons and tidal reservoirs before the 
race to develop the mass production of juveniles started in the late 1960s. Indeed, sea bass 
culture was associated with salt production in coastal evaporation pans and marshes. The 
salt was harvested during the high evaporation season of summer and autumn, and fish 
were cultured during winter and spring. The supply for this culture came from trapping 
schools of fish that lived in these estuarine areas (FAO, 2014). In the 1960s, Mediterranean 
scientists started to develop more intensive rearing methods based on complex hatchery 
techniques. At the end of the 80’s these techniques were well developed in most 
Mediterranean countries. Nonetheless, the precise rearing techniques in European 
hatcheries vary according to geographic region, number of species reared and the scale and 
sophistication of the hatchery. In the following paragraph, the production cycle of sea bass 
in aquaculture will be briefly discussed.  
Fertilized eggs of European sea bass are pelagic, spherical and translucent with mean 
diameters ranging between 1.07 and 1.32 mm (Fig. 4). Eggs are produced all year around 
using adequate temperature and photoperiod. Sea bass spawn naturally in tanks and 
buoyant (=viable) eggs are collected at the water outlet of the spawning tanks. After 
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collection, the eggs are disinfected with low concentrations of iodine or hydrogen peroxide, 
to decrease the bacterial load. The disinfected eggs are kept in cylindroconical fiberglass 
tanks. The cylindroconical shape gives a good water circulation pattern, if a central aeration 
system is placed near the tip of the conical bottom, and a better separation of non-viable 
eggs and hatching debris. The tanks’ inner surface is smooth to prevent any damage to eggs 
and newly hatched larvae. Eggs are stocked at a density ranging from 10 000 to 15 000 eggs 
per liter, in dimmed light conditions and at 15°C to hatch. Hatching occurs at approximately 
60h post fertilization but strongly depends on temperature (Devauchelle and Coves, 1988). 
Subsequently, the larvae that hatched in the incubation tanks are transferred to the larval 
rearing tanks. The embryonic developmental stages of the European sea bass were 
completely visualized by Şahin et al. (2001).  
 
 
Figure 4: Scanning electron microscopical picture of a sea bass egg 2 days post fertilization: overall 
view (left) and the micropyle (right) 
 
 After hatching, sea bass larvae (± 3.5mm total length) are kept in complete darkness at 16-
18°C for the 8 days. This so-called “French larval rearing technique” , which has been used 
for the majority of the 90 European commercial marine hatcheries (Büke, 2002), is based on 
the principle that, when larvae are reared in complete darkness, less energy goes lost during 
hunting attempts. During this absence of feed they are capable of growing solely relying on 
their yolk sac, containing two kinds of reserves: the external vitullus and the internal oil 
globules. The mouth opens at ca. 5 days post hatching (dph) and the yolk sac progressively 
decreases in size until its complete reabsorption. By the end of the 8 days in darkness, the 
larvae grow up to a stage when the mouth opening is large enough allowing direct feeding 
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with Artemia nauplii, supplemented with 
microdiets (Fig. 5). Feeding with enriched Artemia 
metanauplii, at increasing densities, continues 
until weaning, which usually occurs at 30-35 dph. 
The replacement of live prey by compound diets, 
without any deleterious effects on the larvae, has 
been one of the main objectives in fish 
larviculture research these last decades, as 
microdiets are known to have a high constant 
nutritional value, are easier to maintain and have 
lower production costs. Succesfull replacement of 
live diets with microdiets has only been fully or 
partially achieved in a very limited number of fish 
species, including European sea bass (Villeneuve 
et al., 2005). The larval developmental stages of the European sea bass were completely 
visualized by Barnabé (1976). 
At 10 dph approximatelty 30 sea bass larvae per tank are sampled for controlling swim 
bladder inflation using a microscope. If a high perecentage of larvae lacking a functional 
swimbladder is reported, the larvae are controlled again a few days later. If the percentage is 
still too high, larvae are anaesthetized and placed into a container with an increased salinity 
(45g/L). Larvae with a normal swimbladder will float, whereas those without will sink to the 
bottom (Coves et al., 1991). All larvae lacking a functional swim bladder are discarded. 
Subsequently, the fingerlings are transferred to the weaning unit, where the 
metamorphosed fish will grow until a size of 2-3 grams. The healthy fingerlings  are collected 
in growing tanks, where they are gradually accustomed to a high-protein diet essentially 
comprising fish oil and fish meal, formed into tiny pellets. This feed formulation is very 
similar to those that sea bass will receive throughout the rest of weaning, ensuring 
maximum growth and survival of the fingerlings during these first critical months. Rearing 
conditions differ significantly from those used for larval culture, increasing illumination, 
temperature and salinity (Hillen et al., 2014). 
Three to four weeks after weaning, the fingerlings are transferred to the juvenile breeding 
unit at 1.5-2.5g, where the fattening begins. Pellet feeds are distributed by automatic 
Figure 5: Sea bass larva 15 days post 
hatching, feeding on Artemia franciscana 
nauplii 
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feeders every 10-15 minutes for small fish (2-15 g), or by hand for larger fish. Grading is 
necessary at least two or three times per cycle, in order to avoid growth differentiation and 
cannibalism. Fattening may occur in floating cages set up a short distance from shore or in 
land-based tanks or ponds. In the wild, sea bass can reach 1m in length and weigh 15 kg, but 
farmed sea bass are generally harvested and slaughtered when they weigh between 300 and 
500 g, which takes from 18-24 or 37 months after being kept in intensive (sea cages) or 
extensive (land based ponds) production systems, respectively (Moretti et al., 1999). 
 
1.1.3. Challenges in European sea bass larviculture 
1.1.3.1. Non-infectious 
Anatomical abnormalities are considered as the most frequent problem of biological nature 
in finfish aquaculture, occasionally reaching frequencies of 90% (Sfakianakis, 2006). As such, 
from an economical point of view, it is very important to effectively evaluate the quality of 
the production as early as possible by means of an adequate evaluation. The assessment of 
sea bass larval quality has focused mainly on the appearance of a functional swim bladder or 
osteological and morphological deformities such as scoliosis, lordosis and lack of operculum 
(Tan et al., 2015).  
Failure to inflate the swim bladder is considered one of the main challenges in commercial 
larviculture. The swimbladder of fishes is essential for a functional buoyancy control, 
swimming ability and feeding success. Additionally, it plays a role in the perception and 
production of sounds as well as in respiratory processes. The swimbladder inflation may 
occur either through the transfer of atmospheric air via a pneumatic duct in physostomous 
fish or by internal gas diffusion in physoclist fish (Peruzzi et al., 2007). This being said, 
European sea bass, just like all physoclistous fish, is physostomous during the larval stage, 
possessing a momentary pneumatic duct and relying on the gulping of air at the water 
surface for the initial activation of the swimbladder. Air gulping is indispensable for initial 
bladder inflation in the European sea bass larvae, requiring larval access to the water 
surface. Its initial inflation seems to take place during a particular and finite interval, 
generally associated with the critical time of transition from endogenous to exogenous 
feeding. Light, aeration and access impediment to the water surface have proven to be the 
most important environmental factors affecting swimbladder inflation. Gentle aeration (or 
no aeration at the beginning of larval rearing) is recommended to allow the larvae to take 
 
 
- 16 - 
 
gulps of air at the water surface. Furthermore, a clean surface is requested for the larvae to 
be able to gulp air, which is acquired by surface skimmers that remove floating debris and oil 
globules. Photoperiods and light intensity are other factors, determining the success of 
swimbladder inflation. Before and during swimbladder inflation, a low or dark intensity of 
light is necessary, related to the nocturnal rhythm of swimming up for gulping air from the 
surface (Moretti et al., 1999). Results obtained by Peruzzi et al. (2007) suggest that, besides 
major environmental conditions, paternally and maternally inherited factors may contribute 
to the expression of swimbladder anomalies in sea bass.  
Furthermore, skeletal malformations are another major factor affecting marine larviculture, 
with significant effects on production costs. As many as 5-15% of hatchery juveniles may 
present at least one severe, externally detectable skeletal malformation (Boglione et al., 
2009). Skeleton abnormalities include neurocranial, spinal and appendicular aberrations 
(Kayim et al., 2010). Lordosis, an abnormal ventral curvature of the vertebral column, is one 
of the most severe deformities in reared fish (Fig. 6).  
 
 
Figure 6: Radiograph of a normal (a) and lordotic juvenile (b) of European sea bass (Kayim et al., 
2010) 
 
Opercular abnormalities are commonly associated with severe twisting and folding of the 
operculum, affecting both the morphology and the biological performance, including growth 
and survival (Koumoundouros et al., 1997). Environmental factors, such as light, temperature 
and salinity have been reported to be involved in their origin (Cobcroft et al., 2001; 
Sfakianakis et al., 2004, 2006), together with mechanical traumas related to the 
management (Chatain and Dewavrin, 1989), hydrodynamic variables (Kihara et al., 2002) and 
nutritional aspects (Cahu et al., 2003). Furthermore, a direct relationship was found between 
the skeletal deformity lordosis and uninflated swimbladders, thought to be attributed to the 
compensation for the lack of buoyancy by an abnormal oblique swimming orientation 
(Chatain and Dewavrin, 1989; Divanach et al., 1997). 
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1.1.3.2. Infectious 
Infectious diseases represent a major threat for the expansion and realization of the sea bass 
aquaculture’s full potential, inducing high production losses. When compared with land 
based animals, aquatic animals live in a more hostile environment, continuously being 
exposed to a wide range of microorganisms. Especially fish larvae in intensive aquaculture, 
kept in incubators together with hatched egg shells and debris, suffer from the high bacterial 
loads present in their environment (Vadstein et al., 2013). In fish larvae, three major routes 
of infection are described: via the skin, the gills and the gut (Ringø et al., 2007). The outer 
surface of the fish larva is quickly colonized upon hatching by bacteria in the rearing water. 
The intestine, an undifferentiated and closed straight tube upon hatching, is generally 
affected by bacteria entering after mouth opening, through active uptake from the water 
and by bacteria associated with the food and egg debris (Vadstein, 2013). The 
gastrointestinal tract is considered one of the most important sites of interaction with the 
external environment and is a crucial port of entry for pathogens of fish (Groff and LaPatra, 
2000). Its epithelium with mucus layer forms a barrier against the external environment, 
harbouring a multitude of potentially harmful bacteria (Olafsen, 2001). A continuous 
shedding and secretion of mucus, produced by goblet cells, may prevent microbial 
colonization. Natural defence factors of the passive immunity, found in the mucus, such as 
lysozymes and antibacterial factors may strengthen protection. Furthermore, the protection 
in fish embryos and larval stages is driven by a complex network of innate defence 
mechanisms that include but are not limited to physical barriers, humoral factors, 
inflammatory processes and cellular defences, by phagocytic cells and nonspecific cytotoxic 
cells (Bols et al., 2001; Whyte, 2007; Aoki et al., 2008). The adaptive immune responses 
become established later on in development. 
During the development of sea bass larvae no dominant and persistent colonisation of the 
intestine by a specific bacterial species was observed by Grisez et al. (1997), with the major 
part of the bacteria only temporarily present. It appeared that the microbiota of newly 
hatched larvae is largely established in a non-selective manner, although host preference 
and competitive ability seemed to be of importance (Makridis et al., 2000). These 
microorganisms may be either beneficial to the fish, having no effect or may cause mass 
mortalities, depending upon the condition of the fish. When larvae are stressed and their 
immune system becomes compromised, opportunistic pathogens may cause mortality 
- 18 - 
(Olafsen, 2001). With the range of pathogens ever increasing, the industry is crying out for 
better diagnostic and disease control measures. Even today, bacterial, viral and parasitic 
agents are a primary concern for a sustainable larviculture production. Among those 
bacterial infections, notably Vibriosis, lead to the heaviest losses in aquaculture production 
of sea bass according to FAO (2011).  
Vibriosis is one of the most prevalent fish diseases worldwide and is caused by several 
bacteria belonging to the genus Vibrio as well as the related genera Moritella and 
Photobacterium. Vibrios are Gram-negative, comma-shaped rods, belonging to the family 
Vibrionaceae. They are polarly flagellated (Fig. 7), non-spore-forming, halophilic and 
facultative anaerobic (Frans et al., 2011). Vibrio harveyi, V. anguillarum, V. parahaemolyticus 
and V. alginolyticus are all described to cause disease in European sea bass larvae (Pujalte et 
al., 2003; Frans et al., 2013; Khouadja et al., 2013; Abdel-Aziz, et al., 2013).  
Figure 7: Scanning electron micrograph of V. harveyi cells fixed on 0.22-μm-pore-size polycarbonate 
membrane  
Typical external clinical signs of vibriosis affecting sea bass larvae and juveniles include 
darkened body colour, white nodular skin lesions, swollen and dark lesions of the 
hypodermis that may ulcerate and bleed and sudden death with haemorrhages in the 
skeletal muscle. The pathogen is found in high concentrations in the blood and 
haematopoietic tissues. Internally, there is often evidence of anaemia (pale gills), 
hemorrhages on the organs, swim bladder and abdominal wall and splenomegaly. In 
addition, the intestines may be distended and filled with a clear, viscous liquid. In acute and 
severe epizootics, the infection spreads fast, with most of the infected fish larvae dying 
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without showing any clinical sign (Toranzo et al., 2005; Ben Kahla-Nakbi et al. 2009; Frans et 
al., 2011). 
 
 
Figure 8: Vibriosis in European sea bass larvae: skin haemorrhages (left) and necrosis (right) following 
experimental challenge (Khouadja et al., 2013) 
 
Although the pathogenesis is not completely understood, several virulence-related factors 
were identified, including chemotactic motility, an iron uptake system, adhesion capacity, 
bile resistance, exopolysaccharide production enabling biofilm formation, 
lipopolysaccharides and extracellular products with proteolytic or haemolytic activity (Weber 
et al., 2010; Frans et al., 2011). It was recognized that to regulate the gene expression of 
these virulence-related factors, a quorum sensing system is involved (Weber et al., 2010). 
Traditionally, treatment with antibiotics was one of the main strategies for controlling 
infectious diseases in aquaculture facilities. However, following antibiotic treatment, 
development of resistance of Vibrio spp. to various antibiotics was observed (Shah et al., 
2014). This may significantly impede future treatment of fish diseases. Apart from rendering 
treatments ineffective, the excessive adoption of antibiotics might constitute a risk for 
consumers, farmers and environment (Cabello et al., 2013). Therefore, the use of antibiotics 
in aquaculture was restricted especially in industrialized countries.  
This underlines the need for global efforts to promote a more judicious use of antibiotics in 
aquaculture and for the development and availability of new strategies to control 
pathogenic bacteria in order to make the industry more sustainable. It is recognized that a 
holistic approach, which includes envisaging the environment, host and pathogen, will 
probably be most sustainable in terms of biocontrol. The concept of prevention being better 
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than cure became highly appreciated as it proved to be the most economically profitable 
(Subasinghe, 2001). To fight against diseases, preventive strategies should be implemented 
in every single aquaculture farm. Good management practices, including improved sanitary 
conditions, clean water and vector control lie at the frontline of a reduction in the incidence 
of infectious diseases. Fish immunization, i.e. vaccination, is of growing importance in the 
control of infectious diseases and is considered a reliable approach to protect fish against 
bacterial infections. However, vaccination in larviculture remains controversial due to the 
lack of a mature immune system at this stage of development in fish (Vázquez & Muñoz-
Cueto, 2014). The concept of biological disease control, particularly by using probiotics, is 
gaining recognition in the aquaculture industry during the last two decades (Verschuere et 
al., 2000). 
 
1.2. PROBIOTICS  
1.2.1. Definition  
The demand for an environmental-friendly aquaculture has led to increasing research on the 
use of probiotics for aquatic animals. The term “probiotic” is derived from the Greek pro and 
bios meaning literally “prolife” and has had diverse definitions over the years. In 1907, Dr. 
Elie Metchnikoff, regarded as the instigator of probiotics, was the first to describe the 
benefits obtained by farmers who consumed pathogen-containing milk.  He suggested in 
1907 that the reliance on gut microbes for food makes it possible to take steps to change the 
flora of our bodies and to replace harmful microbes by beneficial microbes (Metchnikoff , 
1907). The modern concept of probiotics, to describe a microbial food supplement, was 
formulated only 30 years ago by Parker (1974), after which its pertinence was challenged for 
many years among the scientific community. He defined it as “organisms and substances 
that contribute to the intestinal microbial balance”. In general up till then, the interest has 
centered on terrestrial organisms, and the term probiotic inevitably referred to Gram-
positive bacteria associated with the genus Lactobacillus. Fuller (1991) expanded the 
definition to “live microbial food supplement that benefits the host (human or animal) by 
improving the microbial balance of the body” and stated that the probiotics would be 
effective in a range of extreme temperatures and salinity variations. This definition is less 
applicable to aquaculture. The fact that the probiotic is regarded as a food supplement 
makes sense in humans or other terrestrial animals, because the importance of the 
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gastrointestinal tract is clearly recognized as onset of pathogen proliferation and invasion 
site. However, this is not the case for fish, where host and microorganisms are submerged in 
water and therefore skin and gills are important as a site of proliferation and invasion for fish 
pathogenic bacteria, together with the intestine. Based on the intricate relationship between 
an aquatic organism and the environment, Verschuere et al. (2000) introduced a new 
definition relating to the application of probiotics in the aquatic environment: “a live 
microbial adjunct which has a beneficial effect on the host by modifying the host-associated 
or ambient microbial community, by ensuring improved use of the feed or enhancing its 
nutritional value, by enhancing the host response towards disease, or by improving the 
quality of its ambient environment”. Apart from the requirement of the probiotic to be a live 
culture, excluding certain suggested immunostimulants, such as bacterial derivatives to be 
allowed as a probiotic, this definition resembles the one introduced by Irianto and Austin 
(2002): “a probiotic is an entire or components of a microorganism that is beneficial to the 
health of the host”. Although there is still some controversy about the exact definition of a 
probiotic for aquaculture, there is a consensus that the probiotic is not required to be acting 
exclusively in the gastrointestinal tract, as Fuller (1991) proposed. Indeed, the modes of 
action of the probiotic, such as competition for nutrients and production of inhibitory 
substances, may also take place in the culture water. 
 
1.2.2. Modes of action  
Several modes of action (Fig. 9) have been proposed through which probiotics exert their 
beneficial effects on the host, which could act either singly or in combination (Verschuere et 
al., 2000; Irianto and Austin, 2002; Kesarcodi- Watson et al., 2008; Tinh et al., 2007). In the 
following paragraph, the recent knowledge regarding modes of action of probiotics in 
aquaculture is briefly discussed. 
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Figure 9: Schematic diagram illustrating possible or demonstrated mechanisms whereby probiotics 
might impact the microbiota and host 
Source: http://www.customprobiotics.com/about_probiotics_continued.htm. 
Facilitating feed utilization and digestion:  
Several studies revealed that probiotics can have a beneficial effect on the digestive 
processes of aquatic animals. Some probiotic strains synthesize extracellular enzymes, such 
as proteases, amylases, and lipases allowing a more complete digestion and absorption of 
nutrients and thus a more efficient feed utilization (Kesarcodi-Watson et al., 2008; Tovar et 
al., 2002; Hidalgo et al., 2006; Merrifield et al., 2010). In addition, the production of growth 
factors such as vitamins, fatty-acids and amino-acids by these probiotics may also improve 
fish health (Sugita et al., 1992; Holzapfel et al., 1998). 
Enhancement of epithelial barrier integrity:  
A single layer of epithelium, protected with a layer of mucus, is all that separates commensal 
microorganisms and pathogens from the underlying immune cells. This makes the epithelial 
gut barrier a key defense mechanism required to prevent infection and inflammation by 
pathogenic bacteria. Probiotic bacteria can block the potential pathogen by 1) reinforcement 
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of the intestinal barrier function; 2) promotion of the intestinal epithelial cell survival; 3) a 
modulation of the cytoskeleton and tight junctions in the intestinal mucosa and 4) an 
increase in number of goblet cells that produce a thick blanket of mucus (Vanderpool et al., 
2008; Montalto et al., 2009; Brown, 2011).  
 
Production of inhibitory compounds:  
Several microorganisms were shown to release chemical substances that have a bactericidal 
or bacteriostatic effect on other microbial populations, which in turn influences the 
competition for chemicals or available energy. Numerous studies demonstrated the in vitro 
inhibitory effect of selected bacterial strains toward the pathogens known to occur in 
aquaculture (Villamil et al., 2003; Lategan et al., 2006). However, it should be emphasized 
that the production of antagonistic or inhibitory compounds against other microbiota in vitro 
does not guarantee an effective inhibition in vivo (Gram et al., 2001).  
 
Interference with quorum sensing signaling agents:  
Quorum sensing, a cell-to-cell communication in bacteria, regulates among others the 
virulence expression of pathogenic bacteria, through chemical signaling molecules called 
autoinducers. Probiotics have been found that block this quorum sensing system of 
pathogenic bacteria by the production of signal-inactivating enzymes or autoinducer 
antagonists, rendering quorum sensing bacteria mute and deaf (Defoirdt et al., 2004; 
Medellina-Pena et al., 2007). 
 
Competitive exclusion:  
The competitive exclusion refers to the active blocking of the pathogen by probiotic bacteria 
to hamper the colonization of the pathogen’s intestinal niche, such as intestinal villi, goblet 
cells or crypts. This exclusion may be established in several ways.  
Firstly, the probiotic may compete with the pathogen for nutrients and energy sources, 
preventing them from growing and proliferating. Competition for iron, generally limited in 
the tissues and body fluids of animals, was reported as an important factor in pathogens. 
Iron-binding agents, siderophores, allow acquisition of iron suitable for microbial growth. A 
siderophore-producing probiotic could deprive potential pathogens of iron under iron 
limiting conditions. This was shown by Gram et al. (1999), who found that a culture 
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supernatant of Pseudomonas fluorescens, grown in iron-limited conditions, inhibited growth 
of V. anguillarum, whereas the supernatant from iron-available cultures did not.
Secondly, the competition for space to adhere between indigenous bacteria and exogenous 
pathogens, results in the competitive exclusion of the pathogens (Ohashi and Ushida, 2009). 
Vine et al. (2004) demonstrated a competitive exclusion effect in vitro with five probiotics 
versus two pathogens on fish intestinal mucus. The presence of one of the probiotics on the 
mucus inhibited the attachment of one of the pathogens tested. It was demonstrated by 
Balcázar et al. (2007) that several probiotic strains from the genus Lactobacillus reduced the 
adhesion of serveral fish pathogens to intestinal mucus from rainbow trout (Oncorhynchus 
mykiss).  
Thirdly, probiotics, that produce several organic acids and volatile fatty acids as a result of 
their fermentation and metabolism, have the potential to lower the intestinal pH below the 
limit essential for survival of pathogenic bacteria (Verschuere et al., 2000).  
Immunomodulation: 
Probiotics have the ability to enhance the capacity of the host immune system to fight 
against pathogens and as such improve the host’s health. Survey of available literature 
indicates that several probiotics either individually or in combination can enhance both 
systemic as well as local immunity in fish. Probiotics can either interact with the immune 
cells such as mononuclear phagocytic cells (macrophages and neutrophils) or natural killer 
cells to enhance innate immune responses (Nayak et al., 2010) or enhance the number of 
erythrocytes, granulocytes, macrophages and lymphocytes (Irianto et al., 2003; Panigrahi et 
al., 2004; Kumar et al., 2008). The ability of probiotics to stimulate the systemic immune 
responses is now well documented in several fish species but that of local gut immunity is 
lacking. The few studies that were conducted indicate that probiotics can stimulate the fish 
gut immune system with obvious increases in the number of Ig cells and acidophilic 
granulocytes (Picchietti et al., 2009; Pieters et al., 2008; Abelli et al., 2009). A paucity of 
information is available concerning the ability of probiotics to stimulate the immune 
response in fish larvae, having a poorly developed immune system and relying solely on 
nonspecific immune responses (Olafsen and Hansen, 1992). Smith et al. (2003) argue that 
the prolonged use of immunostimulants can be in fact detrimental to the host and that 
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much more research is needed before their use during critical periods could be considered 
safe. 
 
1.2.3. Developing probiotics  
In the search for probiotic candidates, certain criteria should be considered, in order to aid in 
the correct establishment of new effective and safe products (Gatesoupe, 1999; Verschuere 
et al., 2000). These criteria include: (1) the probiotic should not be harmful to the host; (2) 
the probiotic should be able to compete with or hinder the growth of undesirable microbes; 
(3) it should be accepted by the host and be able to adhere to or replicate within the host, 
and (4) it should preferably not contain virulence genes or antibiotic resistance genes. 
Several approaches were adopted when searching for efficient probiotic candidates. The first 
approach to search for suitable probiotics is to derive them from healthy individuals, isolated 
from the species to which they will be applied. Many studies have demonstrated that 
indigenous bacterial strains of fish or rearing environment can inhibit pathogen growth and 
can be suitable as probiotics (Fjellheim et al., 2007; Joborn et al., 1997; Robertson et al., 
2000; Spanggaard et al., 2001; Vijayan et al., 2006; Vine et al., 2004). Another approach to 
search for probiotic strains is to test previously proven human and agricultural probiotics 
such as lactobacilli and yeasts (Tovar et al., 2002 and Bairagi et al., 2004; Panigrahi et al., 
2005, Planas et al., 2004, Aubin et al., 2005). Downside of this approach is the reduction of 
the identification of novel probiotic bacteria (Kesarcodi-Watson et al., 2008). 
Screening probiotic candidates to date has to a great extent concentrated on the search for 
probiotics inhibiting a certain pathogen. Although the production of an inhibitory substance 
already proved to be an efficient probiotic screening method (Irianto and Austin, 2002, 
Lategan and Gibson, 2003), there are three major limitations to this approach. Firstly, 
bacteria retaining other modes of probiotic activity will be discarded, hence, a major source 
of potential probiotics will be overlooked. Secondly, the positive results in vitro may fail to 
determine the actual in vivo effect. This means that a bacterium which is antagonistic in the 
laboratory might not be inhibitory when associated with the animal in question (Gram et al. 
2001; Ruiz-Ponte et al.,1999). Likewise, a strain not inhibitory in vitro might actually be 
antagonistic in vivo (Raida et al., 2003). A third drawback is that the antagonistic activity by a 
particular candidate probiotic may be the result of the researcher's choice of pathogens 
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against which it was tested. Therefore, it is recommended to screen against as many species 
of pathogenic bacteria as possible (Vine et al., 2004). 
In some cases, after an initial in vitro screening of suitable candidates, a final probiotic 
validation was performed in vivo for either pathogenicity to the host (Hjelm et al., 2004) or 
host protection when challenged with a pathogen (Gram et al., 2001, Irianto and Austin, 
2002, Lategan and Gibson, 2003, Lategan et al., 2004). Vine et al. (2006) state that the 
challenge experiment is not necessary as larval mortality may be merely attributed to 
opportunistic rather than pathogenic bacteria. However, if the probiotic has been chosen 
specifically to out-compete a particular pathogen, then these tests hold sense. Opposing the 
in vitro approach, followed by an in vivo validation, of identifying probiotics, Makridis et al. 
(2005) recently adopted a direct in vivo approach. Six bacteria were isolated from healthy 
gilthead sea bream (Sparus aurata) larval food, Artemia sp. and rotifers. Subsequently, these 
bacteria were tested for probiotic potential with the sea bream larvae. It was found that the 
addition of the bacteria significantly improved larval survival. 
Currently it is widely acknowledged that the correct identification of a probiotic strain is a 
first prerequisite to state its microbiological safety. It is well-known that different bacterial 
strains of the same genus and species may exert completely different effects on the host, 
making each probiotic strain unique and as such limiting the extrapolation of results from 
one strain to another. Therefore, identification of probiotics should be to strain level (Tu et 
al., 2014). This may provide potentially useful information regarding the probiotic’s culture 
requirements, pathogenicity, potential bacterial transference of antibiotic resistance and 
hence suitability as a probiotic candidate. 
Finally the probiotic candidate withheld should be subjected to an investigation concerning 
the economic viability of the product formulation, packaging options and dosing 
recommendations. Upon completion of all aforementioned steps the microorganisms may 
be labelled as a probiotic. In addition, as it has been noted that probiotic activity may 
diminish after storage, testing product stability  is required (Vine et al., 2006). 
 
1.2.4. Probiotics & the aquaculture industry 
The first application of probiotics in aquaculture seems relatively recent (Kozasa, 1986), but 
the interest in this environment-friendly treatment increased rapidly the last two decades. A 
range of bacteria was either suggested and/or evaluated as biological control agents in 
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aquaculture. Several probionts tested in fish aquaculture have been selected based on their 
beneficial effects encountered in humans and livestock (Balcazar et al., 2007; Suzer et al., 
2008). Although proven safe for human consumption, the efficiency of these alleged 
probionts may be poor due to the different requirements of non-marine microorganisms. 
Other studies selected probiotics from autochthonous bacteria, i.e. originating from the 
aquatic animals in which they are supposed to be applied (Fjellheim et al., 2010, Jabota et 
al., 2008). Many of the proposed strains belong to the lactic acid bacteria, to the genus 
Vibrio, Bacillus or Pseudomonas, although various other genera or species were also tested 
(Verschuere et al., 2000). They may be used as a food additive, added directly to the culture 
tank or mixed with food. One of the first evaluations of commercial products focused on a 
bacterial preparation called “Biostart”, which is derived from Bacillus isolates. It was used 
during the production of cultured catfish (Ictalurus punctatus) studying the effect of 
inoculum concentration on fish survival, growth, production and improvement in water 
quality. The survival of fish was significantly greater in ponds that received the bacterial 
inoculum than in controls. However, few significant differences in concentrations of water 
quality variables were found between ponds treated with bacteria and control ponds 
(Quieroz et al., 1998). At present, there are several commercial preparations of probiotics 
that contain one or more live microorganisms, which have been introduced to improve the 
cultivation of aquatic organisms. Especially in Asia, the application of probiotics in 
aquaculture practices has already gained momentum, and nowadays, numerous 
microorganisms, both from indigenous and exogenous sources are used as probiotics. In the 
European Union however, there is still only one probiotic product available, that is Bactocell 
based on the lactic acid bacteria strain Pediococcus acidilactici (EFSA, 2012). Bactocell was 
allowed as aquafeed supplement, after demonstration of beneficial effects in salmonids and 
shrimps (Castex, 2009; Castex et al., 2006, 2008; Merrifield et al., 2009; Haghparast et al., 
2013). For further information regarding the use of probiotics in aquaculture, the reader is 
referred to the following reviews: Gatesoupe, 1999; Verscheure et al., 2000; Irianto and 
Austin, 2002; Balcazar et al., 2006; Vine et al., 2006; Ringø et al., 2010. 
Notwithstanding the claim of the producers that these products are safe and effective in 
supporting the health of aquatic animals, doubts still exist with regard to the general 
concept of probiotics. Therefore, the mechanisms by which probiotics act in vivo merit 
further research. In addition it is of paramount importance to investigate the interaction 
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between probiotics and the host gastrointestinal microbiota (Pérez-Sánchez et al., 2013). 
There is clearly a need in increasing our knowledge of aquaculture animals and of effective 
preparation, technological applications and efficacy and safety evaluation of probiotics.  
1.2.5. Probiotics in sea bass larviculture 
Although a substantial amount of studies has confirmed the potential of probiotics in 
improving growth performance or avoiding infection by pathogens (Ringø et al., 2010), to 
date there are only few studies evaluating potential probiotics for European sea bass larvae.  
Carnevalli et al. (2006) observed positive effects on welfare and growth of larval sea bass 
when treated with Lactobacillus delbrueckii delbrueckii, administered through the diet. 
Probiotics decreased cortisol levels in probiotic supplemented animals and affected the 
transcription of two genes involved in the regulation of body growth, Insulin-like growth 
factor 1 (IGF-I) and myostatin (MSTN) (Carnevalli et al., 2006). In particular, IGF-I 
transcription was increased and MSTN transcription was inhibited in probiotic-treated 
groups. This was in agreement with the sharp increase of body weight of the treated animals 
recorded in this study (Carnevalli et al., 2006).  
Picchietti et al. (2009) was the first to assess the interaction between probiotics and mucosal 
immune system of sea bass larvae. The strain L. delbrueckii delbrueckii, isolated from the 
intestinal microbiota of sea bass, was administered to sea bass, using Brachionus plicatilis 
and Artemia salina as carriers. This research group found that early feeding with a probiotic 
supplemented diet stimulated larval gut immune system and lowered the transcription of 
pro-inflammatory genes.  
Touraki et al. (2012) evaluated Bacillus subtilis as a potential probiotic for use in aquaculture 
as a preventive measure against vibriosis. The potential probiotic was administered to the 
live fish feed Artemia franciscana nauplii. The fish treated with nauplii enriched with the 
probiotic B. subtilis showed significantly increased survival rates after challenge with the 
pathogen.  
Lamari et al. (2013) compared the effects of two strains of lactic acid bacteria Lactobacillus 
casei and Pediococcus acidilactici on larval development. Although both strains promoted 
growth, L. casei caused higher incidences of spinal deformities. This highlights that 
evaluating probiotics should not be limited to growth measurements, but should also take 
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into account development and morphometrics for improving larval quality with such 
treatments.  
Several studies verified the beneficial effects of live yeast supplementation, Listeria 
debaryomyces, at early stages of sea bass development, in terms of increased growth 
performance, enhancement of antioxidant response and the skeletal and intestinal 
development (Tovar et al., 2002; Tovar-Ramirez et al., 2004). The beneficial effects of live 
yeast on sea bass larvae development could be attributed to the role of polyamines in 
promoting intestinal maturation and increasing the ability of enterocytes to absorb 
nutrients. 
Additionally to the relatively meager number of studies evaluating probiotics for sea bass 
larviculture, there is a paucity of knowledge in our understanding of the mode of action of 
probiotics. This may be attributed to the complexity of the microbial activity and the 
interactions between the bacterial species that influence the micro-ecology of the 
environment. Therefore, the implementation of test systems in which the researcher has 
complete control over the microbial community structure, by adopting a germ-free or 
gnotobiotic model, will be instrumental. Furthermore, the untangling of specific mechanisms 
of probiotic functionality within the gastrointestinal tract or of the microbial gut system in 
general, may be accelerated by the application of innovative omics platforms (Baugher and 
Klaeinhammer, 2011). 
 
1.2.6. Research tools in probiotic research  
1.2.6.1. Gnotobiology 
To extend our current understanding on how microbial communities contribute to host 
biology and pathobiology and to evaluate new methodologies for disease control, the use of 
animals raised under gnotobiotic conditions turned out to be an excellent tool (Pham et al., 
2008). With regard to probiotic research, the use of gnotobiotic animals may be 
instrumental for unravelling the interaction and its mechanisms of the probiotic with the 
host, for understanding the impact of the probiotic on the composition and functioning of 
reconstituted gut microbiota or for establishing the characteristics (i.e. growth profile, 
adhesion, preferred niche) of the probiotic residing in the host gastrointestinal tract. 
The word gnotobiotic is derived from the Greek words ‘gnotos’ (knowledge) and ‘biota’ (life), 
and refers to an environment in which all microorganisms are either defined or excluded 
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(Pham et al., 2008). The foundation of gnotobiotic experiments in aquaculture is based on 
the ability to obtain/derive eggs under aseptic conditions (caesarean section; sterile hatching 
of eggs or disinfection of eggs) and rear them in the absence of any microorganism (germ-
free), and then colonize them with specific microbial species or more complex consortia.  
Although the majority of gnotobiotic vertebrate research focused on a range of mammalian 
and avian species, more recently fish could be added to the list. Baker and Ferguson (1942) 
were the first to report successful derivation of germ-free platyfish (Xiphophorus maculatus), 
that survived on sterilized diets for several weeks after yolk resorption. Thus far only a 
handful of studies reported the successful derivation of gnotobiotic fish species. Zebrafish 
(Danio rerio), cod (Gadus morhua), turbot (Scophthalmus maximus), halibut (Hippoglossus 
hippoglossus) and sea bass were all studied as gnotobiotic teleost fish species (De Swaef et 
al., 2015; Forberg et al., 2011, Rawls et al., 2004, Dierckens et al., 2009, Baker and Ferguson 
1942, Munro et al., 1995). However, not all of these models included a system for axenically 
feeding the larvae, sincerely restricting the experimental timeframe.  
Monitoring the microbiology of studies involving gnotobiotic animals is quite important as 
the results will determine the status of the animal (Marques et al, 2005). Nonetheless, most 
prior studies working on gnotobiotic aquatic models relied solely on culture techniques 
(Munro et al., 1995; Verner-Jeffreys et al., 2003) which are rather time consuming and may 
give false-negative results when dealing with slow-growing or viable, but non-culturable 
organisms (Davis, 2014). Therefore, non-culture based methods should be used additionally 
to rectify the claim that the animals are germ-free. More specific methodologies, such as 
molecular biology techniques e.g. denaturing gradient gel electrophoresis (DGGE) and 
analysis of PCR fragments generated by universal primer analysis, present high potential and 
accuracy in evaluating and quantifying contaminants in gnotobiotic systems (Marques et al., 
2005. However, DNA-based techniques are expensive and also require access to a 
substantial amount of contaminant cells. In addition, false-positive results are not 
uncommon as free nucleic acid could be detected even in the absence of living microbial 
cells (Maukonen et al., 2006). Recently, flow cytometry has become an established and 
highly valued technique for the microbial analysis of aquatic samples (Diaz et al., 2010, Prest 
et al., 2013, Forberg et al., 2012). The greatest advantage of flow cytometry, besides speed, 
reproducibility and large sampling sizes, is that the quantification and identification of 
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organisms not detectable by culture techniques, now is an accomplishable fact (Hernlem and 
Rawa 2007).  
 
In order to create a powerful tool to investigate microbial interactions in the sea bass larval 
host, recently, gnotobiotic food chain models were developed. Both models relied on germ-
free Artemia feeding as pinpointed by Sorgeloos et al. (1986). The sea bass model, as 
developed by Dierckens et al. (2009), supplies rifampicin and ampicillin on a continuous basis 
to the larval rearing water. This may elicit unwanted and unknown interactions with the 
target organism (Marques et al., 2006). Furthermore, the envisaged microorganisms need to 
be made resistant to the used antimicrobial agent by multiple in vitro passages, which may 
have an impact on pathophysiological traits of the microorganism under study (Fux et al., 
2005, De Swaef et al., 2015). Therefore, a disinfection protocol should be developed that is 
able to generate germ-free sea bass larvae that is independent of the continuous 
administration of antimicrobial agents in the larval rearing water. Not continuously 
administering antimicrobial agents offers the advantage of being able to include non-
passaged bacterial isolates thereby safeguarding the microorganism’s original 
pathophysiological traits. The latter is important, as prior studies indicated that most 
acquired resistance mutations in bacteria confer a fitness cost (Melnyk et al., 2014). This 
may result in a longer generation time and altered metabolic activity, which are important 
determination factors for the establishment and the competitive capabilities of a strain in its 
microbial environment (Andersson and Levin 1999, Levin et al., 2000).  
 
1.2.6.2. Omics 
Recent progresses in omics, comprising among others transcriptomics, proteomics, 
genomics, metabolomics, and interactomics have accelerated the untangling of specific 
mechanisms of commensal and probiotic functionality within the gastrointestinal tract 
(Baugher and Klaeinhammer, 2011). Omics methodologies comprise a range of high-
throughput techniques directed to the understanding of the cell metabolism as an 
integrated system, rather than focusing on all the independent parts and pathways. Since 
the publication of the first bacterial genome (Fleischmann et al., 1995), a large number of 
bacterial genomes became accessible, including those of probiotics (Siezen and Wilson, 
2010). The sequencing technique has experienced an exponential increase in processing 
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speed while costs lowered significantly, fostering a new area termed probiogenomics. This 
has established a new dimension to study the evolution of (probiotic) bacteria and their 
genetic diversity and assisted in the elucidation of the molecular basis of the working 
mechanisms of probiotics. In this regard, probiogenomics combined with high throughput 
techniques for the analysis of probiotics through whole genome approaches, including 
functional genomics, transcriptomics, proteomics and metabolomics applied to either the 
microbes or their hosts may provide valuable information for the comprehension of 
microbial gut ecosystems and its modulations by the use of dietary interventions (Sanchez et 
al., 2013).  
In the following paragraphs, specific examples of omics applications are listed that have 
revealed important mechanisms underlying the activities elicited by probiotics applied in 
aquaculture, allowing for the validation and improvement of potential benefits to the 
aquatic host. 
Genomics:  
In 2009 a novel discipline, designated as probiogenomics, was coined by Ventura et al. 
(2009), which aims to obtain genetic insights into the diversity and evolution of probiotic 
bacteria and to reveal the molecular foundation for their health-promoting activities. The 
genome of a considerable number of probiotic bacteria for human use was sequenced 
(Sanchez et al., 2013). The data that was generated from sequencing these probiotics 
provided information required for a better understanding on the inherent probiotic 
properties, including their adaptation to the harsh conditions of the gastrointestinal tract, 
nutrient synthesis, cell-surface repertoire relevant to adhesion and regulatory molecules 
essential for cell communication and intestinal crosstalk (Lazado et al., 2014). 
To date, the concept of probiogenomics is not yet widely recognized in aquaculture. Some 
human probiotic bacteria with published genome were extensively used in fish such as L. 
plantarum (Pérez- Sánchez et al., 2011; Giri et al., 2013; Son et al., 2009; Picchietti et al., 
2007). Recently, the first genome sequences appeared of probiotic bacteria that were 
derived from aquatic hosts, including B. pumilus RI06-95 (Hamblin et al., 2015) and Vibrio sp. 
strain OY15 (Schreier et al., 2014), both isolated from larval oyster (Crassostrea virginica) 
and Vibrio sp. strain Vb278 (Gonçalves et al., 2015) isolated from the marine sponge 
(Sarcotragus spinosulus). Nevertheless, probiotic bacteria indigenous to teleost fish are yet 
 
 
- 33 - 
 
to be sequenced. This lack could be attributed in part by the outdated dependence of 
aquaculture on terrestrial probiotics. However, with the recent advances on the utilization of 
host-derived probiotics in fish and the availability and accessibility of sequencing 
technologies, the first publication of the genome of some candidate host-derived probiotics 
most likely is imminent. 
 
Transcriptomics: 
Whole transcriptional profiling of bacteria within their natural environment provides a 
valuable strategy for outlining the molecular mechanisms involved in probiotic interaction 
with either the host or the whole microbial community naturally present in the 
gastrointestinal tract. On the other hand focusing on the response of the host to probiotics 
and changes in intestinal microbiota, transcriptomics analysis is offering a myriad of 
opportunities to get a comprehensive overview of the host’s downstream responses and 
pathways activated, potentially contributing to molecular support and identification of 
probiotic effects.  
Over the past decade, transcriptomic analysis has been increasingly used for the analysis of 
gene expression during various processes in fish, including the probiotic-host interactions 
(Kim and Austin, 2006; Panigrahi et al., 2007). A study by Abelli et al., (2009) found that the 
autochthonous bacterium L. delbrueckii delbrueckii or a multispecies probiotic formulation 
(autochthonous L. fructivorans + L. plantarum from human feces), when orally administered 
to sea bass larvae, enhanced the immune system. The probiotic elicited an increase in 
intestinal T cells, TcR-β transcripts, and increased acidophilic granulocytes concomitant to 
lower transcription of pro-inflammatory genes (IL-1-β, TGF-β, IL-10, Cox-2). In addition, these 
probiotics significantly improved larval rearing, increasing body weight, decreasing cortisol 
levels, and improving the stress response compared with the control groups (Albelli et al., 
2009).  
There essentially are three techniques for dealing with the transcriptome: real-time 
quantitative PCR (qPCR), microarrays and “next-generation” DNA sequencing. The qPCR, 
although highly quantitative and sensitive, is best applicable for screening a relatively small 
number of transcripts in a large set of samples. Microarrays and next generation sequencing 
offers genome-wide surveys of the transcriptome, but microarrays can only detect 
sequences homologous to what is on the array. In contrast, next generation sequencing is 
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“unbiased,” making it ideal for discovery. Given the current technological development, 
sequencing has an advantage over arrays in that it can be used as a tool for gene discovery 
as well as for quantifying gene expression (Mc Nulty et al., 2011). On the other hand, 
microarrays are relatively inexpensive, widely available and easily analysed on the back end, 
whereas DNA sequencing remains costly and decidedly difficult, computationally speaking 
(Goetz et al., 2008). 
Although transcriptomics are a widespread and valuable approach to characterize probiotic 
effects in fish, studies resorting to gene expression analyses in larvae remain scarce, with 
most of these employing homogenized whole larval bodies or segments for RNA extraction. 
This is rooted in the small size of fish larvae in the first weeks following hatching, which does 
not allow to specifically isolate the intestinal tract with conventional dissection techniques. 
In this way, interesting phenomena occurring at the intestinal level may be concealed by 
dissimilar gene expression levels in the various organs and tissues (Saliba et al., 2014; Tovar-
Ramírez et al., 2010; Carnevali et al., 2006). Laser capture microdissection (LCM) (Emmert-
Buck et al., 1996) circumvents the difficult sampling of the tiny fish larvae by allowing 
researchers to isolate specific cell populations or individual cells from sections of complex 
tissues (Espina et al., 2007). LCM coupled with RT-qPCR indeed is a powerful method to 
accurately determine gene expression in particular cell types (De Spiegelaere et al., 2011), 
rendering it an ideal tool to quantify gene regulatory effects and elucidate the molecular 
basis of functional feeds or pathogenesis (Sonnenburg et al., 2006; Preidis et al., 2010). To 
this date, only one study presented a protocol for successful LCM in fish larvae, isolating the 
gut contents from larval cod (Gadus morhua) for a more accurate diet analysis (Maloy et al. 
2011).  
 
Proteomics: 
Proteomics, involving the analysis of protein expression, protein structure, and protein 
functions can be used to unravel the complex molecular pattern of bacteria and host 
interactions by monitoring the changes in protein patterns (Jiménez-Pranteda et al., 2015). 
Fitting the resulting protein expression pattern with real physiological effects is a challenge. 
However, such studies may facilitate identification of a wide range of molecules and 
biochemical pathways involved in the responses of animals to various environmental factors 
such as probiotic- or pathogenic bacteria. The integration of traditional two-dimensional 
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polyacrylamide gel electrophoresis with sensitive mass-spectrometric analysis methods and 
modern bioinformatics tools has greatly promoted the development and application of this 
new field of research (Jiménez-Pranteda et al., 2015). 
Proteomics, increasingly used over the last decade to address different questions in 
aquaculture, regarding welfare, nutrition, health, quality, and safety (Rodrigues et al., 2012), 
has been reported in cod (Sveinsdóttir et al., 2009) and rainbow trout (Brunt et al., 2008; 
Abbass et al., 2009), with interesting results at the level of immune-stimulation and growth 
and development.  
 
In conclusion, as probiotic research in aquaculture is of a dynamic nature, it is only 
appropriate that research methods should be progressing as well, according to the current 
know-how. Studies applying the available omics in fish probiotic research are scant because 
assessment strategies are still primarily dependent on conventional technologies such as 
enzyme assays, western blotting, SDS-PAGE, RT-PCR and qPCR. Although these techniques 
are not considered out-of-date, they should be employed together with other available 
omics, as such yielding a more complete overview of the biological processes at cell level at a 
given time. This may enable the unravelling of the host responses and the properties of the 
probiotics and bring about a multi-dimensional discussion on the impacts and beneficial 
consequences of probiotic applications (Zhang et al., 2010). 
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Aquaculture has evolved from a marginal industry to an industry meeting over 50% of the 
global needs of aquatic products. However, disease outbreaks are being increasingly 
recognized as a significant constraint to aquaculture production. Due to the mounting 
awareness of the risk associated with the use of antibiotics, treatment with probiotics has 
recently emerged as one of the preferred environmental-friendly prophylactic approaches in 
disease management and production enhancement. Therefore, scientists in the aquaculture 
field have paid extensive attention to probiotics. 
Up till now the usage of terrestrial bacteria in aquaculture has known fairly limited 
successes, emphasizing the need for further investigating the promising potential of 
probiotics retrieved from the marine indigenous environment. In addition, there is a clear 
lack of knowledge on the mode of action of probiotics in vivo, hampering the deeper 
understanding of their interaction with the aquatic host. Indeed, a judicious and scientifically 
supported probiotic treatment warrants a thorough testing of its efficacy and safety, using 
standardized and controlled experimental conditions. However, the stochastic colonization 
of larvae by microorganisms may entangle the establishment of a reproducible experimental 
set-up. Therefore, studying the host raised in the absence of bacteria or under gnotobiotic 
conditions (with a known composition of bacterial microbiota) is crucial to unravel the host-
microorganism interactions and draw unequivocal conclusions on the exact impact and 
mode of action of probiotics by discarding potential interference by other microbial 
residents. Furthermore, the untangling of the specific mechanisms of probiotic functionality 
within the gastrointestinal tract or of the microbial gut system in general, may be 
accelerated by the application of innovative omics platforms.  
In view of the above, the overall aim of this thesis is contribute to the elucidation of the 
mode of action of probiotics in aquaculture. This will be realized through a multidisciplinary 
approach and the development of innovative techniques i.e. gnotobiotic larval model 
systems and tissue/cell-specific gene analysis using laser capture microdissectioning, and by 
applying state-of-the-art microarray- based gene expression analysis, histochemistry and 
immunofluorescence. 
The overall aim was achieved through the following specific objectives: 
 To develop a state-of-the-art protocol to generate germ-free sea bass larvae, 
independent of the continuous addition of antibiotic and allowing the addition of 
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live germ-free feed. This tool will open up for extending the knowledge on the 
mechanisms involved in the host-microbe interactions and to evaluate formulated 
diets and disease treatments in a standardized manner. (Chapter 3) 
 To isolate and screen bacterial isolates from sea bass larvae for their probiotic 
potential based on in vitro and in vivo assays, while adopting the previously 
developed gnotobiotic sea bass larval model. (Chapter 4) 
 To optimize an LCM protocol to procure intestinal tissue from sea bass larvae 
whilst maintaining a high RNA quality for downstream gene expression analysis by 
RT-qPCR. (Chapter 5) 
 To assess the effect of probiotic administration at a biomolecular level on the 
hypothalamic–pituitary–interrenal axis reactivity, and as such unravel the complex 
interplay between stress and microbial interaction in fish. (Chapter 6) 
 To investigate the mode of action of probiotic bacteria on sea bass through 
microarray gene expression analysis, histochemistry and immunofluorescence. 
(Chapter 7) 
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Chapter 3 
 Germ-free sea bass Dicentrarchus labrax larval model:  
a valuable tool in the study of host-microbe interactions 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Based on: 
 
Schaeck M., De Swaef E., Van den Broeck W., Van Nevel S., Boon N., De Geyter N., Morent 
R., Demeestere K., Duchateau L., Coulombet C., Haesebrouck F. and Decostere A. (2016). 
Germ-free sea bass Dicentrarchus labrax larval model: a valuable tool in the study of host-
microbe interactions. Diseases of aquatic organisms, 117(3), 177-185. (Q1; IF= 1.752) 
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3.1. ABSTRACT 
A thorough understanding of the host–microbe interactions is crucial for more efficient 
disease management in marine larviculture industry. As demonstrated in terrestrial animal 
research, gnotobiotic systems (involving animals cultured in germ-free conditions or 
inoculated with known microorganisms) are excellent tools to extend the understanding of 
treatments for diseases. In this study we introduce two models, which will facilitate and 
render aquaculture research in terms of mitigating fish larval diseases. The first model 
comprises a germ-free European sea bass (Dicentrarchus labrax) larval model, independent 
of the continuous addition of antimicrobial agents. This model has an experimental set-up 
implemented, that allows addition of live feed to the larvae without compromising the 
germ-free status. The second model involves an biotic and abiotic challenge test. The former 
presents a standardized infection model adopting Vibrio harveyi, facilitating basic and 
applied research leading to knowledge on the pathogenesis and remediation of vibriosis in 
larvae. The latter presents a salinity stress test, offering the possibility to evaluate the impact 
of treatments on the stress resistance in larvae. 
 
 
- 59 - 
 
3.2. INTRODUCTION 
Food security is a pressing global concern as the world’s population is estimated to reach 
between 8.5 and 10.5 billion by 2050. With capture fisheries becoming increasingly 
unsustainable due to overfishing, aquaculture is projected to overtake the former in 
supplying the world’s protein requirements in the near future (FAO 2014). However, 
unpredictable larval and juvenile mortality impede the sustainable development of global 
especially marine aquaculture. Different factors have been proposed to cause this primary 
growth constraint, including inadequate nutrition and detrimental fish–microbe interactions 
(Vadstein et al., 2013).  
One of the most prevalent fish diseases reported in mariculture is vibriosis. In general, the 
highest incidence occurs among larval and juvenile stages, mainly affecting farmed sea bass 
(Dicentrarchus labrax) and sea bream (Sparus aurata) (Toranzo et al., 2005; Haenen et al., 
2014). Outbreaks of this disease often elicit high mortality, resulting in severe economic 
losses. Although treatment with antimicrobial agents has always been one of the main 
strategies for controlling infectious diseases, there is increasing acknowledgment of its 
limitations in terms of potential toxicity, the engenderment of resistance and residues as 
well as environmental impairment (Alderman and Hastings 1998, Cabello 2006, Jones et al., 
2004, Sapkota et al., 2008). As a result, there is a trend towards more strict regulations on 
the use of antimicrobials in the aquaculture sector (Romero et al., 2012, Subasinghe et al., 
2001), hence calling for alternative, more sustainable methods to which the aquaculturist 
can resort for preventing and controlling disease outbreaks. Several environmentally-friendly 
prophylactic disease treatments are currently being pinpointed. These are largely rooted in 
the maintenance of a healthy microbial environment in larval rearing tanks and include 
improvements in larval nutrition and the use of probiotics, prebiotics, vaccines, 
immunostimulants or antimicrobial peptides (Defoirdt et al., 2007, Merrifield and Ringø 
2014). 
A judicious and scientifically supported application of the abovementioned alternatives 
warrants a thorough testing of their efficacy and safety, under standardized and controlled 
experimental conditions (Smith et al., 2003). However, the stochastic colonization of larvae 
by microorganisms may hinder the establishment of a reproducible experimental set-up by 
generating high inter-individual and high inter-batch variability in the composition of the 
standing microbial community. Hence, from a microbiological point of view, iterating 
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experimental conditions using conventional animals is almost impossible (Fjellheim et al., 
2012). The development of test systems in which the researcher has complete control over 
the microbial community structure, by adopting a germ-free or gnotobiotic model, was 
revolutionary in this respect. Indeed, in such systems the host is associated with a well-
known set of microorganisms, increasing the experimental reproducibility and hence leading 
to more unambiguous results. As already demonstrated in multiple terrestrial animal 
studies, gnotobiotic models are an excellent tool to extend our understanding of the (1) 
nutritional requirements of host organisms, (2) host-microbe interactions and (3) host 
metabolic functions (Marques et al., 2005, Gordon and Pesti. 1971, Wostmann, 1996). 
Despite the significant increase in the use of fish as experimental animals during the last 
decades (Marques et al., 2005, Schaeck et al., 2013) and the stressed importance of raising 
aquatic organisms gnotobiotically (Bates et al., 2006, Rekecki et al. 2009), the current know-
how of rearing gnotobiotic aquatic organisms is much more limited compared to the more 
traditional mammalian laboratory animals. To our knowledge, only a handful of studies have 
reported the successful derivation of gnotobiotic marine fish species (Forberg et al., 2011, 
Rawls et al., 2004, Dierckens et al., 2009, Baker and Ferguson 1942, Munro et al., 1995 for a 
review see De Swaef et al., 2015). However, not all of these models included a system for 
axenically feeding the larvae, and some simply used culture-based techniques to verify 
microbial status, with the potential of falsely claiming a germ-free status. Furthermore, all 
models relied upon a continuous addition of antimicrobial agents to the rearing water to 
safeguard the germ-free condition, with the exception of the zebrafish (Danio rerio) and 
Atlantic cod (Gadus morhua) models (Rawls et al., 2004, Forberg et al., 2011). The germ-free 
sea bass larval model, as developed by Dierckens et al. (2009), resorts to supplying 
rifampicin and ampicillin on a continuous basis to the larval rearing water. This may elicit 
unwanted and unknown interactions with the target organism (Marques et al., 2006). 
Furthermore, the envisaged microorganisms need to be made resistant to the antimicrobial 
agent by multiple in vitro passages, which may have an impact on pathophysiological traits 
of the microorganism under study (Fux et al., 2005, De Swaef et al., 2015). Indeed, the Vibrio 
anguillarum HI610 isolate that was made rifampicin-resistant by natural selection and 
adopted previously by Dierckens et al. (2009), recently failed to induce significant mortality 
in sea bass larvae (Li et al., 2014), when no dead larvae were added before pathogen 
challenge to the culture vials. This may be rooted in the various in vitro passages potentially 
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having impacted virulence factors, thereby stressing the importance of not employing 
antimicrobial agents to maintain the germ-free condition.  
In this respect, the aim of our study was twofold. First, we aspired to pinpoint a standardized 
germ-free sea bass larval model system to facilitate the study of host-microbe interactions. 
The model had to be independent of the continuous addition of antimicrobial agents and 
had to allow the supply of live feed to the larvae without compromising their germ-free 
status. Secondly, we contemplated developing a standardized biotic and abiotic challenge 
model for the germ-free sea bass larvae to enable the assessment of the protective potential 
of alternative disease treatments. 
 
3.3. MATERIALS AND METHODS 
All experiments were approved by the Ethical Committee of the Faculty of Veterinary 
Medicine and Bioscience-Engineering, Ghent University (no. EC2013/19). All procedures 
were conducted aseptically. Therefore, all materials and liquids were autoclaved (120°C, 20 
minutes) or purchased sterile, and all manipulations were performed within a 
microbiological safety cabinet class II or a barrier isolator with a glove system (G(ISO)-T3, 
TCPS). Artificial autoclaved sea water (AASW, Instant Ocean®) and filtered (0.2μm, Sartopore 
Pt MidiCaps, Sartorius) AASW (FAASW) were adjusted to a salinity of 33ppt and a 
temperature of 16±1°C. 
 
3.3.1. Egg acquisition 
Naturally spawned European sea bass eggs (Dicentrarchus labrax L.), aged 24-48h post 
fertilization, were obtained from the “Ecloserie Marine de Gravelines” (Gravelines, France). 
The viable, hence buoyant, eggs were skimmed off in the hatchery. Upon arrival, the eggs 
were collected on a sterile nylon sieve (mesh size 300μm) and gently rinsed with 2L of AASW 
(Salvesen and Vadstein 1995). 
 
3.3.2. Disinfection treatments 
A short-term study was initially carried out employing 4 disinfecting agents to assess their 
capability to sterilize eggs, yield germ-free larvae at 1 day post-hatching (dph) with no 
marked adverse effects on hatching success. Four different disinfecting agents were tested, 
with varying concentrations and contact times: glutaraldehyde (Dierckens et al., 2009; 
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Salvesen and Vadstein 1995), hydrogen peroxide, non-thermal plasma (NTP, De Geyter and 
Morent, 2012, Jacobs et al., 2011) and ozone, generated in dry air by a LAB2B ozone 
generator (Ozonia). All adopted protocols are listed in Table 1. Hatching success for each 
incubation bottle was expressed using a semi-quantitative score: 3 (hatchability comparable 
with the eggs in the non-treated incubation bottles), 2 (hatching > 50% of the control), 1 
(hatching < 50% of the control) and 0 (inability to hatch).  
 
3.3.3. Disinfection protocol 
Approximately 200 eggs were transferred to a 50ml Falcon (Greiner Bio-One) tube, filled 
with 40ml of a 400ppm glutaraldehyde solution (50 wt% solution in water, Merck), prepared 
with AASW. After 3 min of stirring, the eggs were transferred to a second 50ml Falcon tube, 
again filled with 40ml of a 400ppm glutaraldehyde solution. After 3 min the eggs were 
pipetted to a 50ml Falcon tube containing 40ml of AASW. This last rinsing step was repeated 
twice. Following, the eggs were collected and placed into 500ml glass incubation bottles 
containing 400ml of FAASW supplemented with a mix of antimicrobial agents (Table 2). The 
control eggs underwent identical physical handling.  
A low level of filtered (0.2μm, Sartorius AG) sterile air was provided to all incubation bottles. 
At 1 dph the hatching success, the percentage of eggs hatched to total number of eggs, was 
registered for every bottle. From each bottle, 24 larvae were stocked individually in sterile, 
polystyrene 24-well tissue culture plates (Greiner Bio-One), each well containing 2 ml of 
FAASW. The well plates were placed in a barrier isolator with a glove system and from then 
onwards, all procedures were performed inside the isolator. From 1 to 16 dph, 1ml of 
FAASW was changed every other day. From 7 to 16 dph, larvae were fed live sterile Artemia 
franciscana nauplii (EG type, INVE Aquaculture) every other day, 20-30 per well (Sorgeloos et 
al., 1986). Larvae were subjected to a circadian rhythm of 8:16h light:dark. Larvae were 
monitored daily until 16 dph, whereupon all larvae were euthanized by immersion in an 
overdose of MS222 (Sigma-Aldrich, Milano, Italy). This protocol was performed twice in time, 
adopting different egg batches. Each time and for both the non-disinfected and disinfected 
eggs, four 24 well-plates were included.  
Morphological analysis was performed to evaluate the impact of the germ-free conditions 
on larval growth and development. The standard body length was measured to the nearest 
0.1μm using an Olympus SZX7 stereomicroscope and cell D software (Soft imaging system, 
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Olympus NV) and defined as the straight distance between the tip of the snout and the most 
caudal part of the larva. This was done for 3 larvae per 24 well-plate of batch 1 on 0, 5, 9 and 
16 dph.  
 
Table 2: The antimicrobial agents that were included in the glass incubation bottles until 
hatching.  
Antibiotic Conc. (ppm.) References 
Ampicillin 10 Dierckens et al. (2009), Situmorang et al. (2014), Forberg et al. (2011) 
Rifampicin 10 Dierckens et al. (2009), Situmorang et al. (2014), Forberg et al. (2011) 
Penicillin 150 Munro et al. (1995) 
Streptomycin 75 Munro et al. (1995) 
Oxolinic acid 10 Munro et al. (1995) 
Kanamycin 10 Rawls et al. (2004), Munro et al. (1995) 
Erythromycin 10 Munro et al. (1995) 
 
The hatching and survival percentages between the germ-free and conventional larvae were 
compared using a fixed effects model incorporating batch, treatment and their interaction in 
the model and comparing treatment with the residual variance (generalized block design 
analysis) at the 5% significance level. The length measurements were compared between the 
germ-free and conventional larvae by a mixed model with plate as random effect and day, 
treatment and their interaction as categorical fixed effects. With a significant interaction, the 
treatment is compared at each of the 4 days separately using Bonferroni’s adjustment for 
multiple comparisons, i.e., using a comparison-wise significance level of 0.05/ 4 = 0.0125. 
 
3.3.4. Biotic challenge model  
Two bacterial strains were included in the biotic challenge assays. V. anguillarum HI-610, 
provided by the Laboratory of Aquaculture & Artemia Reference Center (UGent), was 
originally isolated from diseased Atlantic cod (Samuelsen et al., 2003). V. harveyi was 
procured from a disease outbreak in a sea bass farm in France. Strains were cultured on 
marine agar (Scharlab S.L., Sentmenat, Spain) for 48 h at 17°C. Subsequently the cultures 
were grown for 24h in Trypticase soy broth (TSB, Becton, Dickinson and Company, New 
Jersey, USA) supplemented with 2% NaCl at 17°C and harvested by centrifugation at 
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2500rpm (10min). The resulting pellet was washed once in FAASW and re-suspended in 
FAASW. The inoculum was adjusted to the desired bacterial concentration (10^5 CFU ml-1) 
by using an ATB 1550 densitometer (bioMérieux, Marcy-l'Etoile, France). Bacterial titres 
were verified by making tenfold dilution series in triplicate.  
Each treatment consisted of 24 germ-free larvae, divided over the middle lanes of two 24 
well-plates. At 10 dph, 1ml of the rearing water of the treated larvae was replaced by the 
inoculum of one of the two bacterial species. The control larvae underwent identical physical 
handling. Water renewal took place every other day, replacing 1ml of well-water with 
FAASW. Larvae were monitored daily to record mortality. All experiments were ended at 16 
dph, whereupon all remaining larvae were euthanized by immersion in an overdose of 
MS222.  
3.3.5. Abiotic challenge model: the stress salinity test  
Four different salinities were prepared using tap water and Instant ocean: 33ppt (=FAASW, 
control group, 45, 55 and 60 ppt. These solutions were all filtered (0.2μm and autoclaved. 
Salinity was measured with an optical refreactometer. 
Four groups of 24 germ-free larvae, three treatment groups and one control group, were 
included with 12 larvae stocked in the two middle lanes of two 24 well-plates for each group. 
At 10 dph, 1.9ml of the larval rearing water of each well was replaced by 1.9ml of one of the 
four prepared salinities. Final mortality was recorded after 24h.  
3.3.6. Evaluation of the germ-free status 
For the evaluation of the germ-free status of the larvae water samples were retrieved from 
all incubation bottles at 1 dph, and from all the well-units of every 24-well plate at 7 and 16 
dph. The water samples were inoculated onto marine agar and in TSB (+2% NaCl) and 
incubated at 17°C for 4 weeks. In addition, a flow cytometer system was employed whereby 
water samples from the rearing water of 7 and 16 dph larvae were stained with a 
combination of SYBR Green I and propidium iodide for microbial viability assessment. 
Samples were loaded on an Accuri C6 flow cytometer (BD Biosciences). Cell counts were 
determined by measuring the number of particles in a set volume (25μl) after gating on 
green (FL-1) vs. red (FL-3) fluorescence plots in the BDC Sampler software (Swiss Federal 
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Office of Public Health 2012, Van Nevel et al., 2013). FAASW was used to quantify the 
number of background particles.  
 
3.4. RESULTS  
3.4.1. Disinfection treatments 
The results of the various adopted disinfection protocols are listed in Table 1. Eggs exposed 
to 2 successive rounds of 400ppm glutaraldehyde treatment during 3 min resulted in germ-
free larvae at 1 dph and equally high hatching scores as the control eggs.  
Sea bass eggs showed strong resilience against high concentrations of H2O2, and germ-free 
eggs were consistently obtained after a 5 min exposure to 10% H2O2. However, upon 
working with these high concentrations, high interbatch-variability was observed in term of 
hatching success. 
Non-thermal dielectric barrier discharge and an atmospheric pressure plasma jet both 
resulted in 100% mortality of the sea bass eggs at a concentration that was still too low for 
rendering the eggs germ-free. 
Ozone treatment was not able to consistently engender germ-free eggs without marked 
effect on hatchability. Indeed, this treatment elicited a negative impact on hatchability upon 
employing the concentration and contact times needed to render the eggs germ-free. 
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Table 1: Disinfection protocols for European sea bass Dicentrarchus labrax eggs adopted in 
the short-term study, with their outcome in terms of hatching score and germ-free status of 
1 day post hatching (dph) larvae; for assays with hatching score = 0, germ-free status was 
assessed using non-hatched eggs, 1 d after hatching of control eggs. GF/T: number of assays 
resulting in germ-free status/total number of assays for the protocol in question. DBD air: 
dielectric barrier discharge using air (Jacobs et al., 2011); APPJ argon: atmospheric pressure 
plasma jet using argon (Sarani et al., 2011) 
Disinfecting protocol Hatching score Germ-free status 
Disinfectant Exposure time(mm:ss) 0 1 2 3 (GF/T) 
Glutaraldehyde (ppm) 
150  03:00 - - 3 - 0/3
400 03:00 - - - 1 0/1 
400 03:00+03:00 - - - 12 12/12 
800 03:00 2 - - - 2/2
Hydrogen peroxide (%) 
2 05:00 - - - 3 0/3
4 05:00 - 2 - 1 0/3
8 05:00 2 - 1 3 0/6
10 05:00 5 - 2 - 7/7
12 05:00 10 1 4 - 14/15
DBD air 
- 00:05 - 1 1 - 0/2
- 00:10 - 1 1 - 0/2
- 00:20 1 - 1 - 0/2
- 00:30 2 - - - 0/2
APPJ argon 
- 04:00 1 - 1 - 0/2
- 06:00 - 1 - - 0/1
- 08:00 1 - - - 0/1
- 10:00 2 - - - 2/2
Ozone mgL-1gas O3 
2 04:00 2 1 - - 0/3
4 02:00 1 2 - 1 0/4
3 03:00 1 - 2 2 0/5
3 04:00 - 1 3 3 5/7
4 03:00 26 2 11 11 45/50
4 04:00 2 2 - - 3/4
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3.4.2. Disinfection protocol 
The hatching success of the disinfected and control eggs differed significantly (P = 0.0122), 
exhibiting a mean ± SE of 76.3±1.6 and 68.7±1.9, respectively.  
The survival of the germ-free and control larvae also differed significantly (P < 0.001), 
exhibiting a mean of 94.3±1.1 and 40.6±1.1, respectively.  
From 9 dph onwards, standard length differed significantly between the conventional and 
germ-free larvae (P < 0.001) with the divergence ratio increasing towards the end of the 
experiment (Fig. 1). By 16 dph, the germ-free larvae had a mean ± SD length of 5826.0 ± 
90.4μm, which is significantly higher than what was noted in the conventional larvae, 5233.5 
± 107.2μm.  
 
Figure 1: Standard body length (mean ± SD) of larvae at 1, 5, 9 and 16 dph reared under conventional 
or germ-free conditions. Data are mean ± SD (n = 4) with n representing the average of 3 larvae/well-
plate. 
 
3.4.3. Pathogen challenge test 
The bacterial titre of the inoculum was 6*10^5 and 1.5*10^5 CFU ml-1 for V. anguillarum HI-
610 and V. harveyi, respectively. For the larvae inoculated with V. harveyi, an increased 
mortality was noted from 2 days post inoculation onwards (Fig. 2), resulting in 70% mortality 
within 6 days following challenge. Immersion challenge of the larvae with V. anguillarum 
HI610 gave 42% mortality (Fig. 2).  
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Figure 2: Cumulative mortality curve of germ-free sea bass larvae inoculated with V. harveyi or V. 
anguillarum HI610 and non-inoculated larvae. 
3.4.4. Abiotic challenge test 
For the For the abiotic challenge test, the mortality of the control group was found to be 
significantly lower from the treated groups exposed to a salinity of 45, 55 and 65ppt (Fig. 3). 
No bacteria were encountered in the larval rearing water sampled at the onset of the 
challenge, neither by culturing nor by flow cytometry. 
Figure 3: Mortality rate of germ-free sea bass larvae after 24h exposure to increased salinity of 45, 55 
and 65 ppt; 33 ppt was implemented for the control group. 
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3.4.5. Evaluation of the germ-free status 
Absence of bacterial growth on cultivated agar plates or turbid incubated broth, indicated 
that none of the wells housing the germ-free larvae, harboured culturable bacterial cells. 
Flow cytometry was used to confirm the germ-free status, specifically targeting non-
culturable bacterial cells. To eliminate the noise (background scatter) from the events 
highlighting bacteria, gates were set based on fluorescence (Fig. 4). Gate P1 included the 
particles that were detected in a water sample of conventional larvae and were not noted in 
an FAASW sample. The particles registered outside gate P1 were regarded as background 
noise.  
 
 
Figure 4: Flow cytometer plots with gated events (marked area) to highlight bacterial contamination. 
Green fluorescence (FL1-A; X-axis) versus red fluorescence (FL3-A; Y-axis). Left: water sample (16 dph) 
from a well housing conventional sea bass larvae. Right: water sample (16 dph) from a well housing 
germ-free sea bass larvae. 
 
3.5. DISCUSSION 
Several disinfectant protocols have been tested in previous studies on fish eggs to reduce 
the geographical spread of diseases and the transfer of pathogens from broodstock to their 
offspring. The disinfectants glutaraldehyde, hydrogen peroxide and ozone were included in 
our experiments, because these were referred to in most other studies as valuable 
disinfectants for living tissue (De Swaef et al., 2015). In addition, non-thermal plasma, 
acknowledged as a promising disinfectant tool, was included (Moreau et al., 2008, Dobrynin 
et al., 2009).  
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Hydrogen peroxide, one of the most commonly used disinfectants in aquaculture, either for 
eggs, larvae or live prey, reacts as a strong oxidizing agent (McSonnell & Russell 1999). Up to 
now, only Douillet & Holt (1994) succeeded in obtaining sterile cultures of red drum 
(Sciaenops ocellatus) eggs after a 5 min exposure to 3% H2O2, but no data on the germ-free 
status of the post-hatching larvae were included. An attempt to apply this protocol to other 
fish species failed in obtaining hatching eggs and germ-free larvae, indicating a high 
interspecies variability in sensitivity towards H2O2. In our study, sea bass eggs showed strong 
resilience against high concentrations of H2O2, and germ-free eggs were consistently 
obtained after a five minutes exposure to 10% H2O2. However, upon working with these high 
concentrations, acceptable hatching ratios were only observed in the initial set-ups and not 
consistently present with markedly lower hatching ratios seen in the reminder of the assays. 
The high variability in hatching success between assays could be related to the intrinsic egg 
quality. Working with suboptimal egg batches, a status which is not always noticeable, could 
exacerbate negative effects on hatchability when adding an extra stress factor, such as high 
concentrations of a disinfectant.  
Ozone, a fungicidal, bactericidal, virucidal and sporicial agent, has been successfully applied 
to obtain germ-free sea bass eggs, as well as gilthead sea bream bream (Sparus aurata), 
common dentex (Dentex dentex) and red porgy (Pagrus pagrus) (Can et al., 2012). In our 
study, optimal ozone treatment values for sea bass were CT 4 (concentration = 0.5mg L-1 * 
contact time = 8min). Although the resulting data showed that hatchability was not 
compromised, larval survival and germ-free status were not further monitored. The findings 
resulting from our study indicate that CT values of 12 and higher were required for a high 
likelihood of engendering germ-free sea bass eggs. Although some egg batches showed great 
resilience to high ozone concentrations, there was a high inter-batch variability in terms of 
hatching ratio. The observed low hatching ratio was likely due to, at least in part, larvae 
unable to break the egg chorion successfully. This may be a result of ozone depleting 
substances increasing the resistance of the chorion protein polymer to hydrolytic breakdown 
and/or inhibiting the enzymes secretion from the hatching gland (Ben-Atia et al., 2007). 
Over the past years, NTP - which is in general any plasma that is not in thermodynamic 
equilibrium - has emerged as a novel tool in medicine (Moreau et al., 2008, Kong et al. 2009, 
De Geyter and Morent 2012), efficiently inactivating viruses (Yasuda et al., 2010), bacteria 
(Venezia et al., 2008, Kvam et al., 2012), and biomolecules such as DNA (Ptasińska et al. 
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2010). This inactivation occurs selectively, without burning the tissue, enabling the 
disinfection of living tissue without causing any damage (Fridman et al., 2006, Laroussi et al., 
2012). In our assays, a non-thermal DBD and an APPJ were tested. Both methods resulted in 
100% mortality of the sea bass eggs at a concentration that was still too low for rendering 
the eggs germ-free. This might be due to oxidative stress and damaged targeting enzymes, 
lipid membranes and DNA, caused by active short and long lived neutral atoms and 
molecules, including ozone, NO, OH radicals, and singlet oxygen, as well as charged particles, 
generated by the NTP (Halliwell and Gutteridge 2007, Davies 1987). 
Glutaraldehyde is known for its strong bactericidal, sporicidal and virucidal properties and 
retains a high level of activity in the presence of organic matter, which is generally present in 
batches of fish eggs (Fraise et al., 2008). The ability to destroy bacterial spores is an 
important property, rarely seen with other disinfectants, making it the disinfectant of choice 
(Salvesen et al., 1997). Dierckens et al. (2009), as well as our short-term study, used only 1 
round of disinfection with 400 ppm of glutaraldehyde for sea bass eggs (Salvesen and 
Vadstein 1995, Salvesen et al., 1997). We found this to be insufficient to accomplish germ-
free sea bass larvae. Whereas eggs exposed to a higher glutaraldehyde concentration were 
unable to hatch. Therefore, we investigated the effect of repeating the glutaraldehyde 
disinfection process as was already demonstrated to be effective by Forberg et al. (2011), 
whereby germ-free cod larvae were obtained. Two consecutive rounds of glutaraldehyde 
disinfection, followed by a 48h-immersion in a mix of antimicrobial agents (Table 2), did not 
induce negative effects on the hatchability of the sea bass eggs and engendered a germ-free 
larval status until the end of monitoring at 16 dph.  
 
As a result of multiple testing, a protocol was established to generate and rear germ-free sea 
bass larvae in 24-well plates until 16 dph. Compared to existing models, various plus points 
of this technique are evident, as outlined below. 
Firstly, not having to continuously administer antimicrobial agents offers the advantage of 
being able to include non-passaged bacterial isolates thereby safeguarding the 
microorganism’s original pathophysiological traits. The latter is important, as prior studies 
indicated that most acquired resistance mutations in bacteria confer a fitness cost (Melnyk 
et al., 2015). This may result in a longer generation time and altered metabolic activity, 
which are important determination factors for the establishment and the competitive 
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capabilities of a strain in its microbial environment (Andersson and Levin 1999, Levin et al., 
2000). 
Secondly, the individual housing of the larvae in 24-well plates generates multiple 
advantages. This way of housing assures that the larva, or the condition of an individual 
larva, does not impact the other animals. Indeed, Li et al. (2014) found that the mortality of 
gnotobiotic sea bass larvae challenged with Vibrio anguillarum was dependent on the 
number of dead fish in the vials at the moment of challenge. This indicates that individuals 
or their remnants can affect one another when housed together, explaining the high 
variability between replicates observed when working with group-housed larvae in challenge 
experiments. The successful rearing of sea bass larvae in a 96-well plate was already 
described by Panini et al. (2001). However, due to the small volume of the wells (200 μl) and 
the rapid proliferation of opportunistic bacteria in the rearing water and host, the larvae 
were only incubated successfully until 10 dph. In our survey, we used 24-well plates, allowing 
the water volume to be 10 times higher (2000 μl). In addition, larvae were reared under 
complete germ-free conditions. These adaptations allowed for successful rearing of the 
larvae until at least 16 dph. Survival rates of 95% were obtained, which are markedly higher 
compared to other experiments (e.g. Rekecki et al. 2009). We therefore hypothesize that 
larvae in 24-well plates will be able to survive for extended periods of time, considering the 
frequent water renewal, which prevented the accumulation of metabolites. The limiting 
factor when working with these microtitre plates will probably be related to the available 
space for larval growth. However, when research objectives would require prolonged 
maintaining of the larvae, 12- or 6-well plates may be implemented. In this respect, further 
research would indeed be very interesting for exploring the opportunities and boundaries of 
this model. 
Thirdly, besides being used to study the effects of different treatments on larval growth, 
survival and physiological traits, the well-plate system is most promising to evaluate larval 
condition or behavioural characteristics. These are key components in the analysis of 
phenotypes resulting from genetic mutations, gene knockdown approaches, chemogenetic 
lesions, drugs and toxins that target nervous system development, structure or function. 
Motor function can be analyzed for multiple individuals simultaneously by acquiring video 
images showing larvae swimming in the wells of multi-well plates (Ahmad et al., 2012). 
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These automatic systems could additionally be applied to monitor general well-being of an 
individual larva, alerting the researcher as to which larvae exhibit a high range of behaviours 
cueing for anxiety, stress or (pre-)death which may give rise to the ability to identify humane 
endpoints. Possible cues for these physical statuses could be increased bottom-dwelling 
time, seizures, body coloration or curling of the tail, which are behavioural traits described 
for zebrafish larvae (Kalueff et al., 2013). As most experiments performed with larvae have 
the potential to cause pain, suffering or distress, opportunities for refinement need to be 
explored and suitable humane endpoints identified (Schaeck et al., 2013). To our knowledge, 
the latter hitherto are fully lacking for fish larvae, despite their frequent use in animal 
experimentation. This individual housing system may hence offer a tool to initiate the 
pinpointing of humane endpoints in fish larval experiments.  
 
Batch challenge experiments with fish larvae adopting bacterial or viral pathogens, are 
nowadays often conducted in multi-well assays (Bergh et al., 1992, Hjelm et al., 2004, 
Sandlund and Bergh 2008, Sandlund et al., 2010). This experimental set-up is relatively 
straight-forward and provides a high number of individual measurements with one larva per 
well. In addition to virulence studies, these assays have also been used for efficacy studies 
with probiotics (Makridis et al., 2000a, 2001, Planas et al., 2006) and immunostimulants 
(Skjermo and Bergh 2004). Furthermore, the OECD Guidelines for the Testing of Chemicals, 
acclaims that the individual wells can be considered independent replicates for statistical 
analysis (OECD, 2013). Strictly speaking, however, a replication is that part of the study 
material to which a treatment is assigned in a random way. Thus, if a treatment is assigned 
to a plate as a whole, the individual wells should be considered repeated measurements and 
not replications. Differences between plates cannot be fully excluded. Therefore we suggest 
that, when running one treatment per plate, one should always include at least three plates 
per treatment. A post-treatment statistical analysis entangling any possible inter plate 
variation could then help the researcher to decide whether to use the individual wells or 
plates as independent replicates. 
 
A variety of methods has been described to monitor the germ-free animal status. Most prior 
studies working on gnotobiotic models relied solely on culture techniques, which are rather 
time consuming and may give false-negative results when dealing with slow-growing or 
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viable, but non-culturable organisms (Davis, 2014). Therefore, non-culture based methods 
should be used additionally to support the claim that the animals are germ-free. DNA-based 
techniques are expensive and also require access to a substantial amount of contaminant 
cells. In addition, false-positive results are not uncommon as free nucleic acid could be 
detected even in the absence of living microbial cells (Maukonen et al., 2006). Recently, flow 
cytometry has become an established and highly valued technique for the microbial analysis 
of aquatic samples (Diaz et al., 2010, Prest et al., 2013, Forberg et al., 2012). The greatest 
advantage of flow cytometry, besides speed, reproducibility and large sample sizes, is that 
the quantification and identification of organisms that formerly could not be detected by 
culture techniques, is now achievable (Hernlem and Rawa 2007). In our model, we used 
culture dependent techniques as well as flow cytometry, combining the best of both worlds 
and as such offering maximal certainty that this model effectively generates germ-free sea 
bass larvae. 
The higher hatching and survival ratios of the germ-free larvae compared to conventional 
larvae are in accordance with other studies (Rekecki et al., 2009, Munro et al., 1995). The 
most obvious reason surface disinfection improves egg quality is that it prevents the 
proliferation of pathogens (Yoshimizu et al., 1995, Arimoto et al., 1996, Dierckens et al., 
2009). In addition, fast proliferation of excessive amounts of bacterial cells on the egg 
surface has been documented (Salvesen and Vadstein, 1995). This may cause problems by 
reducing the exchange of gases and metabolic waste between the embryo and the 
environment (Vadstein et al., 1993).  
The morphometric data coincides with the findings of Rekecki et al. (2009). Andersen (2002) 
postulated different mechanisms that could explain these differences in growth rate: (1) the 
production of toxic metabolic by-products by resident gut bacteria; (2) competition of the 
microbiota with the host for energy and amino acids; and (3) inflammation caused by the 
commensal bacterial biota. 
V. harveyi, isolated from diseased larval sea bass in a French hatchery, elicited 70% mortality
in germ-free sea bass larvae. V. harveyi is among the pathogens that result in the greatest
losses in sea bass aquaculture all over the world (Toranzo et al., 2005). Hence, this biotic
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challenge model enables the assessment of the protective potential of future treatment 
agents (Zak and Sande 1999). In contrast, Vibrio anguillarum HI610, originally isolated from 
cod (Samuelsen et al., 2004), induced a lower mortality when inoculated in sea bass larvae. 
However, V. anguillarum HI610 has been successfully used in previous challenge tests, 
involving a range of fish species. In the study by Planas et al. (2005) in which turbot juveniles 
were inoculated with 10^5 CFU ml-1 non-washed and washed V. anguillarum HI610, 70% and 
30% mortality, respectively, was noted. In another study by Vik-Mo (2005), challenge of 
Atlantic cod juveniles with this isolate elicited 82% mortality. The lower mortality in germ-
free sea bass larvae as encountered in our study may be rooted in Vibrio anguillarum HI610 
not being recovered from diseased sea bass, rendering its virulence a species-dependent 
trait. Earlier studies already reported Vibrio isolates, or their extracellular products, 
displaying a degree of virulence depending on the fish species (Saeed, 1995, Aguirre-Guzman 
et al., 2001, Puiprom 2003, Intaraprasong et al., 2009).  
 
The salinity stress test has been developed to detect subtle differences in the physiological 
condition of larval fish in marine aquaculture which are not always reflected in divergences 
in terms of survival and growth (Dhert et al., 1992, Ashraf et al., 2010). Attempts have been 
made to standardize stress tests for fish larvae by exposing them to various salinities, and 
recording mortality (Dhert et al., 1993). Previous studies demonstrated that the resistance to 
osmotic stress can be affected by the age, nutritional status and physical status of the larvae 
(Jelkic et al., 2014). Until now, no data are available on germ free fish larvae and their 
sensitivity to osmotic stress rendering this study the first in its kind. Chair et al. (1994) 
performed a preliminary test on sea bass larvae to identify optimal salinity concentrations 
that ensured a good response in terms of onset of mortality, mortality ratio and total 
mortality. According to their results the optimal salinity to run the stress test was 65ppt with 
a cumulative mortality of 100% already after 85 minutes. In contrast, in our study we found 
merely 54% mortality employing a concentration of 65ppt after 24h. This lower mortality 
could be explained by the germ-free status of the larvae as well as by the 24-well plate 
experimental set-up.  
 
To our knowledge this is the first disinfection protocol that is able to generate germ-free sea 
bass larvae up until 16 dph, and is independent of the continuous administration of 
- 76 - 
antimicrobial agents in the larval rearing water. This tool of rearing germ-free sea bass larvae 
opens up possibilities for extending our knowledge on the mechanisms involved in the host-
microbe interactions and to evaluate formulated diets and disease treatments in a 
standardized manner.  
We anticipate that this model could be adapted to develop germ-free husbandry protocols 
for other species of fish. However, due to interspecies variability in egg size, chorion 
characteristics and optimal rearing temperatures in marine fish, the optimal treatment is 
likely to be species-specific, emphasizing the need for further refinement when other 
commercially grown teleost species are envisaged. 
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Chapter 4 
   
Vibrio lentus protects gnotobiotic sea bass larvae  
against challenge with Vibrio harveyi 
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4.1. ABSTRACT 
Due to the mounting awareness of the risks associated with the use of antibiotics in 
aquaculture, treatment with probiotics has recently emerged as the preferred 
environmental-friendly prophylactic approach in marine larviculture. However, the presence 
of unknown and variable microbiota in fish larvae makes it impossible to disentangle the 
efficacy of treatment with probiotics. In this respect, the recent development of a germ-free 
culture model for European sea bass (Dicentrarchus labrax L.) larvae opened the door for 
more controlled studies on the use of probiotics.  
In the present study, 206 bacterial isolates, retrieved from sea bass larvae and adults, were 
screened in vitro for haemolytic activity, bile tolerance and antagonistic activity against six 
sea bass pathogens. Subsequently, the harmlessness and the protective effect of the 
putative probiotic candidates against the sea bass pathogen Vibrio harveyi were evaluated in 
vivo adopting the previously developed germ-free sea bass larval model. 
An equivalence trial clearly showed that no harmful effect on larval survival was elicited by 
all three selected probiotic candidates: Bacillus sp. LT3, V. lentus and V. proteolyticus. 
Survival of V. harveyi challenged larvae treated with V. lentus was superior in comparison 
with the untreated challenged group, whereas this was not the case for the larvae 
supplemented with Bacillus sp. LT3 and V. proteolyticus. In this respect, our results 
unmistakably revealed the protective effect of V. lentus against vibriosis caused by V. harveyi 
in gnotobiotic sea bass larvae, rendering this study the first in its kind.  
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4.2. INTRODUCTION 
With most capture fisheries worldwide considered fully exploited or overexploited, 
aquaculture will become central to meet the future fish demand, which will continue to 
increase with population growth, rising incomes and incrementing urbanization (Msangi and 
Batka, 2015). However, unpredictable larval and juvenile fish mortality impede the 
sustainable development of global marine aquaculture. Different factors have been 
proposed to cause this growth constraint, including inadequate nutrition and detrimental 
fish–microbe interactions (Vadstein et al., 2013). While juvenile and adult fish may be 
vaccinated, as they have a mature immune system, the vulnerable larval stages are most 
prone to bacterial infections (Vázquez and Muñoz-Cueto, 2014). Due to the mounting 
awareness of the risk associated with the use of antimicrobial agents, treatment with 
beneficial or probiotic bacteria has recently emerged as the preferred environmental-
friendly prophylactic approach in larval disease management and production enhancement 
(Gatesoupe, 1999). 
Although a substantial amount of studies has confirmed the potential of probiotics in 
improving growth performance and/or avoiding pathogen-induced disease, to date there are 
only few experiments evaluating potential probiotics for European sea bass larvae 
(Dicentrarchus labrax, Linnaeus 1758), which is one of the most important commercial fish 
species cultured in the Mediterranean (FAO, 2015). Carnevalli et al. (2006) observed positive 
effects on larval welfare, higher growth performance and decreased cortisol levels in larval 
sea bass when treated with Lactobacillus delbrueckii subsp. delbrueckii. Picchietti et al. 
(2009) provided evidence that early feeding with a probiotic-supplemented diet stimulated 
the larval gut immune system, through an increase in intestinal T-cells and granulocytes and 
a lowered transcription of key pro-inflammatory genes. Several studies have shown that 
diets containing live yeast (Debaryomyces hansenii) are beneficial for gut maturation, 
enhancement of antioxidant response, increased survival and growth and skeletal 
development at the first stages of sea bass development (Tovar-Ramirez et al., 2004; Tovar-
Ramirez et al., 2010).  
However, to date the probiotics concept remains highly controversial in aquaculture because 
a judicious and scientifically supported commercial application of a probiotic treatment 
warrants a thorough testing of its efficacy and safety, using standardized in vivo experiments 
(Ninawe and Selvin, 2009). This is challenging in an aquaculture environment, since the 
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naturally occurring bacterial microbiota in larval fish are highly dynamic, making it 
impossible to define the exact role of the probiotics (Vadstein et al., 2013). However, with 
the recent development of a germ-free model system for European sea bass larvae, the door 
was opened for more controlled studies on host-microbe interactions and the effects of pre- 
and probiotics (Dierckens et al., 2009; Schaeck et al., 2015).  
In view of this, the objective of the present study was to retrieve probiotic candidates from 
the intestinal microbiota in sea bass, and to evaluate their probiotic potential in vitro and 
subsequently in vivo by means of a gnotobiotic sea bass larval challenge model with V. 
harveyi. This is the first study testing probiotic effectiveness in vivo while adopting a 
gnotobiotic sea bass model. 
4.3. MATERIALS AND METHODS 
4.3.1. Bacterial isolates included in the study  
4.3.1.1. Probiotic candidates 
Ten clinically healthy cultured European sea bass larvae from both 10 days post hatching 
(dph) and 33 dph were retrieved from the Ecloserie Marine de Gravelines (Gravelines, 
France). All larvae were sacrificed with an overdose of MS222 (tricaine methanesulfonate, 
Sigma-Aldrich, Diegem, Belgium), surface disinfected for 30s (0.1% benzalkonium chloride), 
rinsed with autoclaved artificial sea water (AASW) and homogenized in 1ml AASW. In 
addition, three clinically healthy wild adult sea bass were obtained from the Belgian part of 
the North Sea, sacrificed with an overdose of MS-222 and surface disinfected with 70% 
ethanol, whereafter the intestine was dissected under antiseptic conditions. Intestinal 
samples were homogenized in 1ml AASW. Serial tenfold dilutions of the larval and adult sea 
bass intestinal content homogenates were plated on Marine Agar 2216 (MA, Scharlab S.L., 
Sentmenat, Spain), de Man, Rogosa and Sharpe agar (MRS; Oxoid Ltd, Hampshire, UK) and 
Thiosulfate Citrate Bile Sucrose Agar (TCBS; Sigma Aldrich, Diegem, Belgium). The inoculated 
plates were incubated at 17°C with 5% CO2 for 72 hours.  
Bacillus sp. LT3, a putative probiotic strain (Niu et al., 2014), isolated from the intestinal tract 
of clinically healthy pacific white shrimp (Penaeus vannamei, L.), was provided by the 
Laboratory of Aquaculture & Artemia Reference Center (Defoirdt et al., 2011). 
4.3.1.2. Bacterial pathogens 
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Vibrio ordalii (LMG 10951) was obtained from the BCCM/LMG Bacteria Collection. Vibrio 
harveyi HHS was isolated from the liver of a hammerhead shark (Sphyrnidae) exhibiting signs 
of septicemia. Vibrio anguillarum strains HI610, CNEVA NB 11008 and 43 were isolated from 
diseased cod at the Parisvatnet research facility and from a sea bass farm in France and the 
UK, respectively. These three strains were kindly provided by the Laboratory of Aquaculture 
& Artemia Reference Center (Ghent University). Vibrio harveyi SB was procured from a 
disease outbreak in a French sea bass farm. 
 
4.3.1.3. Cultivation practices  
All bacterial isolates were cultured on MA, incubated for 48h at 17°C in 5% CO2 and 
subcultured in tryptic soy broth (TSB, Becton, Dickinson and Company, New Jersey, USA) 
supplemented with 2% NaCl and grown overnight at 17°C in 5% CO2. For the in vivo assays 
the cultivated broth was centrifuged (3000 rpm for 10 min) and the resulting pellet re-
suspended in filtered artificial autoclaved sea water, adjusted to a salinity of 33ppt and a 
temperature of 16±1°C (FAASW; Instant Ocean®; 0.2μm filter, Sartopore Pt MidiCaps, 
Sartorius). The stock culture was adjusted to the desired bacterial concentration by using an 
ATB 1550 densitometer (bioMérieux, Marcy-l'Etoile, France). Bacterial titres were verified by 
making tenfold dilution series of the stock cultures on MA. 
 
4.3.2. In vitro selection of probiotic candidates 
Antagonistic activity 
The Kirby-Bauer disk diffusion method, issued by the National Committee on Clinical 
Laboratory Standards (1997) for susceptibility testing, was adjusted for testing the 
antagonism of the retrieved probiotic candidates against six selected fish pathogens as listed 
above: V. ordalii, V. harveyi HHS, V. harveyi SB and three V. anguillarum strains (HHI610, 
CNEVA NB 11008, 43). Marine agar plates were streaked with cultivated broth of the 
pathogens, so that confluent bacterial growth would be encountered on the agar after 24h 
incubation at 17°C in 5% CO2. Sterile paper discs (Whatman® Antibiotic Assay Discs diam 
6mm, Maidstone, UK) were immersed into the cultivated broth of the probiotic candidate 
isolate, and mounted onto the agar surface already seeded with pathogen, resulting in eight 
discs per plate. Blank discs immersed in TSB + 2% NaCl were used as a negative control to 
exclude any non-specific activity. Antagonism was detected by recording the presence or 
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absence of a zone of inhibition surrounding the disc after 24h incubation at 17°C in 5% CO2. 
Antagonistic activity was classified according to the number of pathogens that were 
inhibited, resulting in the following classes: weak (1-2), moderate (3-4) or strong (5-6) 
inhibitory. 
Haemolytic activity 
Haemolytic activity was evaluated on Marine agar plates, supplemented with 5% sheep 
blood (Oxoid Ltd, Hampshire, UK), which were streaked with the cultivated broth of the 
probiotic candidate isolates. Haemolytic activity was examined after 48h incubation at 17°C 
in 5% CO2. 
Bile tolerance 
Bile tolerance was evaluated for all probiotic candidate isolates exhibiting strong or 
moderate antagonism and absence of haemolytic activity, according to Lin et al. (2007) with 
minor modifications. Twenty microliter of cultivated broth was transferred to 1ml of TSB + 
2% NaCl with 0%, 0.5%, 1% or 2.0% oxgall (Oxoid Ltd, Hampshire, UK) and incubated for 24h 
at 17°C in 5% CO2. Bacterial growth was monitored by measuring absorbance with a 
Multiscan MCC 340 spectrophotometer (Labsystem) at 620 nm. The percentage of bile 
tolerance was calculated by comparing the OD values between cultivated broth with and 
without oxgall (Lin et al., 2007). 
4.3.3. In vivo screening of probiotic candidates 
All experiments were approved by the Ethical Committee of the Faculty of Veterinary 
Medicine and Bioscience-Engineering, Ghent University (no. EC2013/019 & no.EC2014/100). 
The strong and moderate inhibitory, non-haemolytic, bile tolerant isolates exhibiting 
antagonistic activity against V. harveyi SB, the pathogen implemented in the challenge tests, 
were adopted in the in vivo trials. Bacillus sp. LT3 was also included.  
Rearing germ-free sea bass larvae 
Naturally spawned European sea bass eggs were obtained from the Ecloserie Marine de 
Gravelines, and rendered germ-free by means of two consecutive treatments of 400ppm 
glutaraldehyde (3 min) and maintenance for 48 hours in a mixture of antimicrobial agents 
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(Schaeck et al., 2015). At 1 dph, the germ-free larvae were transferred individually to the 
wells of a 24-well polystyrene multi-dish, containing 2ml of FAASW at 17°C. The well plates 
were placed in a barrier isolator with a glove system (G(ISO)-T3, TCPS, Rotselaar, Belgium) 
and from then onwards all procedures including feeding, observing and water renewal were 
performed inside the isolator. From 1 until 16 dph, 1ml of FAASW was changed every other 
day. The larvae were kept in complete darkness until 7 dph, followed by a circadian rhythm 
of 8 hours light and 16 hours darkness. Starting from 7 dph, all larvae were fed ± 30 live 
germ-free Artemia franciscana nauplii every other day (EG® Type; INVE Aquaculture NV, 
Belgium), obtained according to the procedure described by Sorgeloos et al. (1986).  
To assess the germ-free status of the larvae, pooled water samples were tested at 4 dph of 
each 24-well plate and at 16 dph of the (negative) control plates as described below. The 
samples were inoculated onto Marine agar and in TSB supplied with 2% NaCl and incubated 
at 17°C for 4 weeks. In addition, an automated flow cytometer system was employed 
whereby water samples were stained with SGPI (a combination of SYBR Green I and 
Propidium Iodide) and loaded on an Accuri C6 flow cytometer (Van Nevel et al., 2013, 
Schaeck et al., 2015). 
 
Harmfulness of probiotic candidates  
The selected probiotic candidate isolates were tested for inherent pathogenicity towards the 
germ-free cultured sea bass larvae. Four experimental groups were included, three groups 
challenged with one of three selected probiotic candidate isolates and one control group. 
Each group consisted of 48 larvae, individually stocked in the middle lane wells of four 24 
well-plates, with 12 larvae per well-plate. Germ-free sea bass larvae were inoculated at 4, 6, 
8 and 10 dph with one of the three selected probiotic candidates, resulting in a final 
concentration of 10^6 colony-forming units per ml (CFU ml−1) well water. The germ-free 
control group was subjected to the same procedures as compared to the probiotic candidate 
challenged groups, but no bacterial cells were added. Mortality was monitored daily up to 16 
dph, whereupon all remaining larvae were sacrificed by immersion in an overdose of MS-
222.  
 
Protection against challenge with V. harveyi 
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In the first trial five experimental groups were included, i.e. three probiotic candidate-
treated group(s) subsequently challenged with V. harveyi, one positive control group (= V. 
harveyi challenged larvae without probiotic) and one negative control group (= germ-free 
larvae with no bacteria added). Each group consisted of 48 larvae, individually stocked in the 
middle lane wells of four 24 well-plates, with 12 larvae per well-plate. The larvae belonging 
to the probiotic candidate-treated groups were inoculated at 4, 6 and 8 dph with one of the 
three selected probiotic candidate isolates via immersion, resulting in a final concentration 
of 10^6 CFU ml−1 well water. At 10 dph, these larvae as well as the larvae belonging to the 
positive control group were challenged with V. harveyi at a final concentration of 10^5 CFU 
ml−1 well water. The negative control group was subjected to the same procedures without 
the addition of bacterial cells. Survival was monitored up to 16 dph, whereupon all 
remaining larvae were sacrificed by immersion using an overdose of MS 222.  
The second trial was executed in the same way as the first, but encompassed three 
experimental groups, i.e. one probiotic candidate-treated group subsequently challenged 
with V. harveyi, one positive control group and one negative control group.  
 
Statistical analysis 
The analysis of both in vivo studies was based on the linear fixed effects model with the 
survival percentage of a plate as response variable and using SAS Version 6.4. 
In the harmlessness test study, an non-inferiority hypothesis is tested to assess whether the 
survival of larvae treated with probiotics was either equivalent or superior to the survival of 
the germ-free larvae. For the pathogen challenge model, a superiority hypothesis is tested 
to evaluate whether the survival of larvae treated with probiotics and challenged with V. 
harveyi is superior to the positive control. A global significance level of 5% was used, but 
multiple comparisons adjustment was done based on the Bonferroni correction in order to 
compare the three treatments with the positive control, i.e., comparison wise significance 
level of 0.05/3=0.0167.  
 
4.3.4. Identification of probiotic candidates 
All strongly and moderately inhibitory, non-haemolytic, bile tolerant isolates were identified 
by means of 16S rRNA gene sequencing. Therefore, genomic DNA was extracted according to 
procedures used by Declercq et al. (2013). The 16S rRNA gene was amplified using the 
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protocol as described by Smet et al. (2012). Finally, the genetic sequence of each strain was 
determined and compared to sequences in the NCBI/GenBank and Greengenes database 
using the similarity search program BLAST.  
Furthermore, the probiotic candidate exerting the best protection against V. harveyi 
challenge was identified by sequence analysis of three housekeeping genes pyrH, rpoA en 
recA, using the protocol of Thompson et al. (2005). A phylogenetic analysis was performed 
using the software package BioNumerics (Applied Maths, Belgium) after including the 
consensus sequence in an alignment of gyrA sequences collected from the international 
nucleotide sequence library EMBL and from LMG reference strains.  
The Gram staining and catalase- and oxidase activity were investigated using conventional 
media and methods (MacFaddin, 1980). Scanning electron microscopy was performed 
according to the protocol described by De Spiegelaere et al. (2008). After fixation and 
postfixation, the samples were dehydrated and dried at critical point (Balzers CPD 030, 
Sercolab, Merksem, Belgium), mounted on metal bases and coated with platinum (JFC 1300 
Auto Fine Coater, Jeol, Zaventem, Belgium). Samples were observed with a JSM 5600 LV 
scanning electron microscope (Jeol). 
 
4.4. RESULTS 
4.4.1. In vitro selection of probiotic candidates 
Antagonistic activity 
Following the incubation of the agar plates inoculated with the adult intestinal contents and 
larval homogenate, 206 morphologically different colonies were obtained. The results of the 
screening of the retrieved isolates for in vitro inhibitory activity using the Kirby-Bauer disc 
diffusion assay are given in Table 1. Ten isolates (16%), obtained from 10 dph larvae, 
exhibited strong antagonism. Eight (13%) and 16 (25%) isolates displayed moderate and 
weak inhibitory activity, respectively. None of the isolates obtained from 33 dph larvae 
displayed strong or moderate antagonism. Only 10% of the isolates of 33 dph larvae showed 
weak antagonism. No antagonistic isolates were retrieved from the intestinal contents of 
adult sea bass. Table 2 depicts the number of isolates showing antagonistic activity against 
the seven pathogens incorporated in this study. 
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Table 1: Probiotic candidate isolates derived from the intestinal contents of different 
developmental stages of European sea bass: number of isolates, haemolytic and antagonistic 
activity. 
Stage Isolates 
Haemolytic 
(%) 
Antagonistic b (%) 
Strong  Moderate Weak  
10 dph 64 29 (45) 10 (16) 8 (13) 16 (25) 
33 dph 90 25 (28) - -  9 (10) 
adult 52  6 (12) - - - 
Total 206 60 (29) 10 (5) 8 (4) 25 (12) 
bBased on number of inhibited pathogens in disc diffusion assays: strong (5-6), moderate (3-
4) or weak (1-2).
Table 2: Number (and %) of isolates, derived from the intestinal contents of different 
developmental stages of European sea bass, displaying antagonistic activity against the 
seven pathogens incorporated in this study. 
# (%) Isolates antagonistic activity against pathogens 
Stage Pathogens 
V. ordalii V. vulnificus V. anguillarum V. harveyi
HI610 CNEVA NB 11008 43 HHS SB 
10 dph 27 (42) 26 (41) 9 (14) 9 (14) 10 (15) 11 (17) 2 (3) 
33 dph 6 (7) 6 (7) - - - - - 
adult - - - - - - - 
Total 33 (16) 32 (15) 9 (4) 9 (4) 10 (5) 11 (5) 2 (1) 
Haemolytic activity 
This assay evidenced that 45%, 28% and 12% of the isolates retrieved from 10 dph larvae, 33 
dph larvae and adult sea bass, respectively, were haemolytic (Table 1). One out of the ten 
strongly antagonistic isolates, three out of the eight moderately antagonistic isolates and 
three out of the eight weakly antagonistic isolates displayed haemolytic activity.  
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Bile tolerance 
All tested isolates showed a bile tolerance of over 80% in 0.5% of bile salt concentration. 
When the bile salt concentration was increased to 2%, all but one isolate still showed 
adequate tolerance (>50%). 
 
4.4.2. In vivo screening of probiotic candidates 
Two probiotic candidate isolates (1 and 2) procured from the homogenate of 10 dph larvae 
displayed strong/moderate inhibitory activity, were non-haemolytic and bile-tolerant, and 
both showed antagonism against V. harveyi SB. Hence, these strains, were included in the in 
vivo trials along with Bacillus sp. LT3. Additionally to V. harveyi SB, probiotic candidate 
isolate 1 was also antagonistic towards V. ordalii and V. vulnificus. Probiotic candidate isolate 
2 showed further antagonistic activity towards V. ordalii, V. anguillarum CNEVA NB 11008, V. 
harveyi HHS and V. vulnificus. 
 
Harmlessness 
At 16 dph, larval mortality amounted to 4.2%, 10.4% and 14.6% following inoculation with 
Bacillus sp. LT3, probiotic candidate isolate 1 and probiotic candidate isolate 2, respectively. 
In the control group, a mortality of 18.8% was noted. The mortality differences between the 
three treated groups and the control (one sided 95% confidence interval) are given by -14.6 
([-∞; -6.1]), -8.3 ([-∞; 0.2]) and -4.2 ([-∞; 4.3]) for the Bacillus sp. LT3, probiotic candidate 
isolate 1 and probiotic candidate isolate 2, respectively (Fig. 1). None of the onse sided 95% 
confidence intervals contains values with a substantially larger mortality in the treated group 
as compared to the control group, the larger such value being equal to 4.3% for probiotic 
candidate isolate 2. Therefore, non-inferiority is claimed for all three treatments. No bacteria 
were detected in the larval rearing water sampled at 4 dph of all the experimental groups 
and at 16 dph of the control group, neither by culturing nor by flow cytometry. 
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Figure 1: The one sided 95 % confidence intervals of the mortality difference between the 
three treated groups (presented on y-axis) and the control. 
 
Protective effect 
In the first trial, at 16 dph, the mortality of the positive control group challenged with 
V. harveyi amounted to 64.6%. The mortality of the larvae that were treated with Bacillus sp. 
LT3 or the probiotic candidate isolate 1 or 2, and were subsequently challenged with V. 
harveyi was 52.1%, 2.1% and 52.1%, respectively (Fig. 2). In the second trial, a mortality of 
58.4% was noted in the positive control group, whilst the larvae treated with the probiotic 
candidate isolate 1 and subsequently challenged with V. harveyi experienced a mortality of 
6.9%. Statistical analysis indicated a significant superiority of probiotic candidate isolate 1 
(p<0.0001) compared with the positive control group for both trial 1 and trial 2. No 
significant superior survival of the treatment with probiotic candidate isolate 2 (p=0.038) or 
Bacillus sp. LT3 (p=0.038) compared to the positive control was detected.  
No bacteria were detected in the larval rearing water sampled at 4 dph of all the 
experimental groups nor at 16 dph of the negative control group, neither by culturing nor by 
flow cytometry. 
 
 
- 99 - 
 
 
Figure 2: Mortality of germ-free sea bass larvae inoculated at 4, 6 and 8 dph (106 CFU/ml) 
with probiotic candidate isolates and challenged at 10 dph with V. harveyi (105CFU/ml). The 
negative control consisted of germ-free larvae with no bacterial cells added. The positive 
control comprised germ free larvae inoculated at 10 dph with V. harveyi at a concentration of 
105 CFU/ml. Different letters (a and b) indicate statistically significant differences at P<0.0167 
for trail 1 and at P<0.05 for trail 2. 
 
4.4.3. Identification of probiotic candidates  
All strongly and moderately antagonistic strains that were non-haemolytic and bile-
tolerant, showed 99% homology with published 16S rRNA gene sequences of Vibrio sp. 
Sequencing the 16S-rRNA gene of probiotic candidate 2 led to the identification of Vibrio 
proteolyticus with 99% sequence homology. Based on the sequencing of the 16S-rRNA gene 
and three housekeeping genes (pyrH, rpoA and recA), probiotic candidate 1 was identified as 
Vibrio lentus, with >97% similarity for pyrH en recA en >99% similarity for rpoA, these being 
the threshold values for species delineation according to Thompson et al. (2005). The pyrH 
phylogenetic tree is shown in Figure 3. The same topology was obtained for the other 2 
housekeeping genes (rpoA and recA) and probiotic candidate 1 is located on a separate 
branch in all trees together with the V. lentus strains.  
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Figure 3: phylogenetic tree based on pyrH gene sequences showing the position of isolate 
Probiotic candidate 1. Bar represents 1 nucleotide substitution per 10 nucleotides. The 
GenBank accession numbers for the reference strains are shown in parenthesis.  
 
 
- 101 - 
 
Phylogenetically, V. lentus belongs to the Vibrio/Photobacterium branch of the gamma-
Proteobacteria and they share all of the properties that define the genus Vibrio. V. lentus 
showed Gram-negative rods (0.9 μm x 1.5-2.5 μm) (Fig. 4) and is both oxidase and catalase 
positive. 
 
 
Figure 4: Vibrio lentus cells fixed on 0.22-μm-pore-size polycarbonate membrane and analyzed by 
scanning electron microscopy  
 
4.5. DISCUSSION 
The use of beneficial indigenous bacteria isolated from aquatic organisms is gaining 
recognition for controlling pathogens within the aquaculture industry. There is no clear 
indication that probiotic candidates isolated from the host, would perform better than those 
from a different habitat (Merrifield et al., 2010). However, one would assume that the 
optimal source for beneficial bacteria is among the healthy host’s own bacterial microbiota, 
since this would reduce the risk for possible pathogenicity towards the host and increase the 
chances of the probiotic to colonize the host (Fjellheim et al., 2010). Therefore, bacterial 
isolates from clinically healthy sea bass larvae and adults were screened for probiotic 
potential in this study. Strongly and moderately antagonistic probiotic candidates were 
retrieved from 10 dph larvae only, which might suggest that the number of culturable 
antagonistic isolates decreases with age.  
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This study, together with multiple other studies, clearly indicates that a range of marine 
bacterial species produce antibacterial compounds in in vitro tests (Balcázar et al., 2007; 
Lamari et al, 2014). However, in vitro test conditions are standardized with respect to growth 
media, temperature and number of bacteria included. In contrast, the in vivo situation is far 
more complex, as growth might be limited due to availability of nutrients, environmental 
parameters, duration of gut persistence and interactions with other microorganisms. 
Likewise, it has been shown that antagonism patterns may vary under different 
experimental conditions (Bizani and Brandelli, 2004; Hjelm et al., 2004). Therefore, although 
antagonism against notorious fish pathogens is considered as the primary selection criterion 
for putative probiotics, it is not guaranteed that the antagonism observed in vitro has any 
relevance in vivo. This is exemplified in the current study, by the observation that V. 
proteolyticus was inhibitory to V. harveyi in vitro, but this antagonism was not reflected in an 
in vivo larval protection. Vice versa, strains non-inhibitory to host pathogens can have 
probiotic potential. Therefore, Bacillus sp. LT3, a putative probiotic strain previously found to 
improve the survival of brine shrimp larvae when challenged by priming the innate immune 
response, was incorporated in this research (Niu et al., 2014). This should not make us 
conclude that in vitro screening is superfluous. Indeed, as various studies have shown that 
fish are capable of nociception and of experiencing pain in analogy to mammals, emphasis 
needs to be placed on the replacement of as many as possible living fish for research 
purposes, in line with the three R's of animal experimentation: reduction, refinement, and 
replacement (Schaeck et al, 2013). Therefore, in vitro tests on the probiotic candidate 
isolates should be conducted in first instance, excluding promising isolates, thereby reducing 
the number of in vivo trials and the number of experimental animals,  
Probiotic bacteria aimed at juvenile or adult fish should be resistant to bile and acid to be 
able to persist in the intestinal tract. However, tolerance to acid is, generally speaking, not 
required for probiotic candidates directed to fish larvae, as the intestinal tract is alkaline 
during the first stage of development and becomes only acid around 25 days post hatching 
(Süzer et al., 2011). In contrast, bile production in sea bass larvae is already activated shortly 
after hatching (Diaz et al., 1997). Therefore, in this survey all probiotic candidates were 
subjected to the bile salts resistance test.  
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All isolates selected for their antagonistic and non-haemolytic activity were identified, using 
16S rRNA, as belonging to the genus Vibrio. This is in accordance with the results from 
Makridis et al. (2005) who observed that all isolates from Senegalese sole (Solea solea) 
displaying antagonistic activity were Vibrio spp. Comparable results were obtained by 
several other studies for Japanese flounder (Paralichthys olivaceus) and Atlantic cod (Gadus 
morhua) (Sugita et al., 2002; Fjellheim et al., 2007). A study by Lauzon et al. (2008) indicates 
that this is not always the case, as they found that 80% of the antagonistic bacteria obtained 
from cod rearing systems were Gram-positive, most of them belonging to the genus 
Lactobacillus.  
The use of 16S rRNA gene allows an accurate identification of Vibrios at the family and genus 
level. However, as several Vibrios have nearly identical 16S rRNA sequences and comparable 
phenotypic features, the amplification of the 16S rRNA gene could produce 
misidentifications at the species level. Therefore, identification at the species and strain level 
requires a more sophisticated phylogenetic analysis (Dorsch et al., 1992). This has lead to the 
widespread use of the Multilocus Sequence Analysis (MLSA), which is based on the analysis 
of differences in housekeeping gene sequences to disclose relatively distant evolutionary 
processes, allowing the discrimination of bacterial strains at the level of species, intraspecies 
or subspecies (Thompson et al., 2005). MLSA has been validated to be a good substitute for 
DNA–DNA hybridization in studies of the Vibrionaceae (Pascual et al., 2010). However, the 
choice of the housekeeping genes is of paramount importance, as not all genes to which this 
method has been applied so far are really useful, particularly when the strain subjected to 
the identification belongs to tightly related species (Pascual et al., 2010). In this study, we 
showed that V. lentus can be differentiated on the basis of pyrH, recA and rpoA gene 
sequence analysis. It was found that V. lentus is a Gram-negative rod-shaped bacteria (0.9 
μm x 1.5-2.5 μm) and is both oxidase and catalase positive, as in accordance with (Macián et 
al., 2001). 
Once a well-designed set of probiotic candidates is selected based on the results of the in 
vitro tests, in vivo trials are essential to validate the effectiveness of probiotics (Vine et al., 
2006). However, one of the most difficult points for the study of probiotic effects or cross-
talk between microorganisms is the fact that, due to the complex ecology of the intestinal 
tract, it is hard to identify the contribution of specific bacterial strains to the modulation of 
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intestinal functions. The use of gnotobiotic (or germ-free) animals has opened a powerful 
and successful new strategy to decipher the role of specific bacteria to gut functions. The 
present study is the first to validate a germ-free fish larval model as a tool in probiotic 
research. Indeed, hitherto no suchlike experiments are published in the scientific literature, 
rendering the present assays innovative and the starting point for subsequent trials. 
Notwithstanding the promising results obtained with the gnotobiotic model system, future 
studies on conventional larvae should be performed to evaluate and validate the potential of 
probiotic application in larviculture.  
The probiotic concept obviously requires that the putative probiotics are not pathogenic. In 
the present study none of the three selected probiotic candidate isolates, V. lentus, Bacillus 
sp. LT3 and V. proteolyticus, elicited enhanced mortality in sea bass larvae when added to 
the water of the rearing wells. According to Vine et al. (2006), the next research step should 
be to test the best route of delivery. As sea bass larvae start exogenous feeding at 7 dph 
only, it was favored adding the probiotic earlier to the rearing water, with the aim of 
increasing the exposure of the larvae to the probiotic. However, in hatchery facilities where 
the water is more readily replaced, delivery trough bio-encapsulation may be preferred. 
Therefore, experiments testing the attachment of the V. lentus to livefood organisms are a 
planned further research step.  
For sea bass larvae challenged with V. harveyi, the addition of V. lentus gave full protection 
against the pathogen. The exact mode of action for this is unknown at the moment and 
requires further elaborated investigation. The bacterial species V. lentus is reported to cause 
disease and mortality in wild octopus (Octopus vulgaris) (Farto et al., 2003). However, in fish 
species such as sea bream (Sparus aurata) or turbot (Scophthalmus maximus), V. lentus did 
not cause any disease when inoculated intraperitoneally with 10^6 CFU ml-1 (Farto et al., 
2003). After challenging rainbow trout (Oncorhynchus mykiss) with Artemia nauplii, 
inoculated with 10^6CFU ml-1, V. lentus was rated as non-virulent as the fish did not show 
signs of infection nor were the bacterial cells recovered from tissues (Austin et al., 2005).  
Several Vibrio species previously showed a high potential of probiotic activity by enhancing 
the survival of cultured fish (Austin et al., 1995; Sugita et al., 2002) following challenge with 
pathogenic Vibrios. However, horizontal gene transfer has contributed to the evolution and 
distribution of virulence genes in Vibrio genomes (Hazen, 2010), so a certain risk is involved 
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in the selection of probiotic Vibrio strains. This risk should be set against the markedly 
increased protective effect on gnotobiotic sea bass larvae when V. lentus was included in the 
rearing water and the lack of evidence so far of probiotic Vibrios acquiring virulence traits.  
In conclusion, V. lentus is effective both in vitro and in vivo, in inhibiting the pathogen V. 
harveyi, which is responsible for relevant economic losses in marine culture worldwide. This 
probiotic strain significantly reduced the mortality and did not exhibit any pathogenic effect 
on the sea bass larvae during the present survey. Therefore, the V. lentus isolate looks 
promising to be used in sea bass aquaculture for controlling V. harveyi outbreaks and as such 
to reduce the use of antibiotics in aquaculture. However, more elaborated studies are 
needed to explore the possibilities of this isolate to be safely applied as a probiotic in the 
aquaculture industry. In addition, the standardized gnotobiotic sea bass larval model and the 
bacterial pathogen challenge test were validated for the first time and will enable further 
studies on the mode-of-action of putative pre- and probiotics as a new way of disease 
control. 
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Chapter 5 
   
Laser capture microdissection of intestinal tissue from sea 
bass larvae using an optimized RNA integrity assay and 
validated reference genes 
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tissue from sea bass larvae using an optimized RNA integrity assay and validated reference 
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5.1. ABSTRACT 
The increasing demand for a sustainable larviculture has promoted research regarding 
environmental parameters, diseases and nutrition, intersecting at the mucosal surface of the 
gastrointestinal tract of fish larvae. The combination of laser capture microdissection (LCM) 
and gene expression experiments allows cell specific expression profiling. The present study 
aimed at optimizing an LCM protocol for intestinal tissue of sea bass larvae. Furthermore, a 
3’/5’ integrity assay was developed for LCM samples of fish tissue, comprising low RNA 
concentrations. In addition, reliable reference genes for performing qPCR in larval sea bass 
gene expression studies were identified, as data normalization is critical in gene expression 
experiments using RT-qPCR. We demonstrate that a careful optimization of the LCM 
procedure allows recovery of high quality mRNA from defined cell populations in complex 
intestinal tissues. According to the geNorm and Normfinder algorithms, ef1a, rpl13a, rps18 
and faua were the most stable genes to be implemented as reference genes for an 
appropriate normalization of intestinal tissue from sea bass across a range of experimental 
settings. The methodology developed here, offers a rapid and valuable approach to 
characterize cells/tissues in the intestinal tissue of fish larvae and their changes following 
pathogen exposure, nutritional/environmental changes, probiotic supplementation or a 
combination thereof. 
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5.2. INTRODUCTION 
The increasing demand for a sustainable aquaculture industry has promoted research 
regarding optimal environmental and nutritional parameters so as to prevent diseases 
(Hasan, 2001). Nevertheless, the larval phase of the aquaculture production cycle remains 
affected by a high susceptibility to diseases, thereby engendering a major bottleneck for the 
sustainable expansion of aquaculture. The mucosal surface of the intestinal tract is known to 
constitute the first line of defense against pathogen invasion (Beck and Preatman, 2015). 
Therefore, many areas of intense research have hinged upon a better understanding of 
intestinal mucosal health, with a focus on the impact of nutrition, immunostimulants, pre- 
and probiotics, and exposure to pathogens (Beck and Preatman, 2015).  
Transcriptomic methods offer a rapid and valuable approach to characterize the 
aforementioned impacts on intestinal mucosal health (Mazurais et al., 2011). However, 
studies resorting to gene expression analyses in fish larvae remain scarce, and most of these 
studies employ homogenized whole larval bodies or segments for ribonucleic acid (RNA) 
extraction. This is rooted in the small size of fish larvae in the first weeks following hatching, 
which does not allow to specifically isolate the intestinal tract with conventional dissection 
techniques. In this way, interesting phenomena occurring at the intestinal level may be 
concealed by dissimilar gene expression levels in the various organs and tissues (Saliba et al., 
2014; Tovar-ramires et al., 2010; Carnevali et atl., 2006).  
Laser capture microdissection (LCM) (Emmert-buck et al., 1996) circumvents the difficult 
sampling of the tiny fish larvae by allowing researchers to isolate specific cell populations or 
individual cells from sections of complex tissues (Espina et al., 2007). LCM coupled with 
reverse transcription quantitative polymerase chain reaction (RT-qPCR) indeed is a powerful 
method to accurately determine gene expression in particular cell types (De Spiegelaere et 
al., 2011), rendering it an ideal tool to quantify gene regulatory effects and elucidate the 
molecular basis of functional feeds or pathogenesis (Mclean et al., 2006; Sonnenburg et al., 
2006). To date, only one study presented a protocol for successful LCM in fish larvae, 
isolating the gut contents from larval cod (Gadus morhua) for a more accurate diet analysis 
(Maloy et al., 2011). LCM followed by RT-qPCR to assess gene expression in intestinal tissue 
has not been optimized yet in fish larvae. When doing so, various success-determining 
challenges need to be addressed. The time consuming process of LCM may elicit RNA 
degradation, which may extend dramatically depending upon manipulations and tissue type. 
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Notably, intestinal tissues are known to maintain the poorest RNA integrity with fast 
degradation, hampering the downstream applications such as gene expression analysis 
(Vermeulen et al., 2011). Consequently, RNA integrity needs to be assessed to enable a 
proper evaluation of the biological relevance of RT-qPCR data.  
In addition to this, the choice of a proper normalization method to correct for sample input 
is crucial (Vandesompele et al., 2002; Bustin et al., 2009). The exponential amplification, 
which makes RT-qPCR an extremely powerful method to quantify low levels of template DNA 
molecules in a sample, also increases variation, as minor technical variations in sample input 
are being magnified. It is now generally agreed that the use of multiple internal reference 
genes, which were previously validated to be stably expressed in the specific experimental 
conditions, offers the most optimal method for RT-qPCR normalization (Ceelen et al., 2014; 
Bustin et al., 2013).  
In the current study, we strived to optimize an LCM protocol to procure intestinal tissue 
from fish larvae whilst maintaining a high RNA quality for downstream gene expression 
analysis by RT-qPCR. European sea bass larvae (Dicentrarchus labrax, Linnaeus, 1758) was 
employed as a model species, as it is the most extensively cultured seawater fish species 
from the Mediterranean. For that purpose, fixation protocols were compared focusing on 
preserving tissue morphology and RNA integrity, two critical success factors for LCM and 
consequent RT-qPCR. Furthermore, the most suitable reference genes, stably expressed in 
specific experimental conditions, for performing RT-qPCR in the intestinal tract of larval sea 
bass gene expression studies were determined. Therefore, four experimental groups, 
covering three different microbiological conditions and two developmental stages, were 
included in this study i.e. conventional larvae (CON) of 16 days post hatching (dph); germ-
free larvae (GF) of 10 dph; GF larvae of 16 dph; and germ-free larvae supplemented with a 
probiotic candidate (GFPr) of 10 dph.  
5.3. MATERIALS AND METHODS 
During all processes, precautions were taken to minimize the risk of RNase contamination. All 
working areas were treated with RNase inhibitors (RNase AWAY® Reagent, Ambion®). 
Glassware was heated at 180°C overnight. Certified RNase free disposables were used during 
each step. Diethyl pyrocarbonate (DEPC) water was prepared by mixing 0.1% Diethyl 
pyrocarbonate (Sigma Aldrich, Diegem, Belgium) with ultrapure water, followed by 
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incubating overnight at room temperature and autoclaving. All experiments were performed 
in compliance with the MIQE guidelines (Bustin et al., 2013). 
 
5.3.1. Larval specimens  
Sea bass eggs were obtained from the Ecloserie Marine de Gravelines (Gravelines, France). 
Three groups of larvae were raised: conventional larvae (CON), germ-free larvae (GF) and 
germ-free larvae supplemented with a probiotic candidate (GFPr). For culturing the CON 
larvae, the eggs were placed into 500 ml glass incubation bottles containing 400 ml of 
autoclaved artificial seawater (AASW), adjusted to a salinity of 33 ppt and a temperature of 
16±1°C. A low level of filtered (0.2 μm, Sartorius AG, Göttingen, Germany) sterile air was 
provided to all incubation bottles. Hatched larvae were transferred to 24-well plates, one 
larva per well containing 2 ml of filtered AASW, of which one ml was changed every other 
day. Starting at 7 dph until sampling, larvae were fed live sterile Artemia franciscana 
(Linnaeus, 1758) nauplii (20-30 per well) every other day, originating from the Great Salt 
Lake, Utah (INVE Aquaculture NV, Dendermonde, Belgium). The larvae underwent a 
circadian rhythm of 8 hours light and 16 hours darkness. To obtain GF larvae, the eggs were 
subjected to two successive rounds of three minutes submersion in a 400 ppm 
glutaraldehyde solution (50 wt% solution in water, Merck KGaA, Darmstadt, Germany) in 
AASW and subsequently collected and placed into 500 ml glass incubation bottles containing 
400 ml of AASW supplemented with a mix of antimicrobial agents (Schaeck et al., 2015). 
Subsequently, the larvae were transferred to 24-well plates and maintained further as 
described for the CON larvae, except that the GF larvae were housed in a barrier isolator 
with a glove system (G(ISO)-T3, TCPS, Rotselaar, Belgium). The GFPr larvae were reared as 
the GF larvae, except for the additional administration of Vibrio lentus, a probiotic candidate 
strain (unpublished data) at 4, 6 and 8 dph at 10^7 colony forming units*ml-1. All larvae were 
euthanized with an overdose of MS-222 (Sigma-Aldrich, Diegem, Belgium) and fixed 
immediately as described below. 
 
5.3.2.  Optimization of the fixation protocol 
Snap freezing was compared to chemical fixation with methacarn in terms of preserving 
morphological features and RNA integrity. 
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Fixing, processing and staining 
For snap freezing, ten CON larvae of 16 dph were embedded in their entirety in a gelatin 
capsule (Capsules gelatin, Electron Microscopy Sciences, Hatfield, USA) filled with 
cryopreservative solution (Tissue Tek® O.C.TTM Compound; Sakura, Alphen aan den Rijn, The 
Netherlands), snap frozen in liquid nitrogen and stored at -80°C. The basic protocol outlined 
by Espina et al. (2006) was used, but modified as detailed below. Before sectioning, the 
cryostat (Leica sectioning crysostat) was wiped down with 100% ethanol to avoid cross 
contamination, and a fresh disposable blade was used to cut each sample. The tissue was 
placed in the cryostat for about 10 min to adjust to the cutting temperature (-25°C to -30°C). 
Transverse tissue sections (7 μm) of the complete larvae were cut and mounted on 
Histobond® Adhesion Microscope Slides (Marienfeld, Lauda-Königshofen, Germany). The 
slides were stored in the cryostat at -25°C until the cutting was completed. Slides were fixed 
immediately in RNase free 70% ethanol (10 s) and rehydrated in DEPC treated water (10 s). 
The tissue slides were then stained in haematoxylin (Merck KGaA, Darmstadt, Germany) for 
10 s, followed by rinsing in DEPC treated water (10 s) and Scott’s tap water solution (10 s) 
(Sigma-Aldrich, Diegem, Belgium). Subsequently, the tissue slides were stained with eosin Y 
(Merck KGaA, Darmstadt, Germany) for 5 s and dehydrated in graded ethanol 
concentrations, starting with two baths of 95% for 10 s followed by two baths of isopropanol 
for 30 s. Finally, the sections were completely dehydrated by immersing the slides in two 
successive baths of xylene for 60 s each. The slides were air dried in a laminar flow cabinet 
and individually placed in sterile 50 ml falcon tubes to prevent rehydration by air.  
For methacarn fixation, the whole body of ten CON larvae of 16 dph were fixed in modified 
methacarn (methanol: glacial acetic acid=8:1) for 4 hours and routinely processed to paraffin 
embedding with an automatic processor (Microm STP 420D, Thermo Fisher Scientific, 
Massachusetts, USA). Paraffin-embedded tissues were cut into 8 μm thick sections and 
stored for a maximum period of two days at 4°C. Slides were dewaxed, rehydrated, and then 
stained with haematoxylin and eosin using the protocol described above. To remove the 
paraffin wax, slides were immersed in two consecutive baths of xylene for 1 min each. After 
staining, slides were rapidly air dried in a laminar flow cabinet and placed individually in 50 
ml falcon tubes.  
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Assessment of morphological features  
The morphological features of the obtained tissue sections were assessed blindly by two 
histologists applying a scale 0 to 3 (0=very poor; 1=poor; 2=fair and 3=good). The scores 
were based on the following criteria with focus on the intestinal tissue: intact cellular and 
nuclear morphology, clearly visible brush border, distinct basal lamina and staining quality. 
In addition, the overall morphology, i.e. the morphology of all tissues in the tissue section, 
was evaluated.  
 
Evaluation of RNA integrity  
RNA was prepared by using a sterile scalpel blade to gently scrape the tissue off the tissue 
slide. Tissue was captured with a 5 μl glass micropipette and transferred into 50 μl of 
extraction buffer, in a DNA Lo-Bind MicrocentrifugeTube (Eppendorf, Hamburg, Germany) 
(Gaillard et al., 2015). A new scalpel blade was used for each sample. RNA was extracted 
using the PicoPure RNA Isolation Kit (Arcturus engineering, Mountain View, California, USA) 
according to the manufacturer's protocol, and included an on-column RNase-free DNAse 
treatment (Qiagen, Venlo, The Netherlands). The column was washed and total RNA was 
eluted in 20 μl of elution buffer. Isolated RNA was frozen at −80°C until further processing. 
Total RNA integrity was assessed using the Experion™ Automated Electrophoresis System 
with the Experion RNA HighSens analysis kit (Bio-Rad, Hercules, California, USA). 
 
5.3.4 Laser capture microdissection 
The fixation protocol based on snap freezing gave the best results regarding to maintenance 
of adequate morphology and RNA integrity and was therefore adopted in the further 
continuation of the LCM protocol development.  
The Pixcell IIe IR laser capture (Arcturus engineering, Mountain View, California, USA) was 
used to microdissect intestinal tissue from 10 CON larvae at 16 dph, ten GF larvae at 10 dph, 
10 GF larvae at 16 dph and ten GFPr larvae at 10 dph. Laser settings were chosen to 
maximize the size of the laser spot without contaminating the sample with non-target tissue. 
A laser spot size of 30 μm diameter was selected, with 20 milliwats in power and 5 ms pulse 
duration. Efficiency of capturing was evaluated by examining excised cell fragments on the 
CapSure® Macro LCM Caps (Arcturus engineering, Mountain View, California, USA) and the 
tissue on the slide before and after lifting off the cap. Debris or excess section material was 
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removed to the maximum possible extent by smoothly touching the film with a post-it strip. 
After tissue collection, the cap was put on a Lo-Bind Microcentrifuge Tube and incubated in 
50 μl of RNA extraction buffer. Tubes were kept with the cap down, until all tissue was 
collected. The whole procedure, from staining to finishing LCM, did not exceed 30 min. 
 
5.3.3. RNA integrity assessment of LCM samples 
Total RNA was extracted by using the PicoPure RNA Isolation Kit according to the 
manufacturer’s instructions. Genomic DNA was eliminated by an additional on-column 
RNase-free DNase treatment. The column was washed and total RNA was eluted in 20 μl of 
elution buffer. Isolated RNA was frozen at −80°C until further processing. Total RNA integrity 
and quantity were assessed using the Experion™ Automated Electrophoresis System with 
the Experion RNA HighSens analysis kit. When the RNA concentration was too low to 
accurately determine an RQI value, the cutoff value was overruled by adapting the program 
settings and unreliable RQI values were displayed between brackets. Subsequently, RNA 
integrity was assessed by the alternative, PCR-based 3´:5´assay. For cDNA synthesis, 2 μl of 
total RNA was reverse transcribed in a final volume of 20 μl using goscriptTM Reverse 
Transcription System (Promega, Leiden, The Netherlands) in a mix containing 1 unit/μl 
reverse transcriptase, 4μl RT buffer, 2.5 mM MgCl2, 0.1 mM dNTP’s and 0.1 μg/μl oligodT’s. 
Reverse transcriptase was performed during 60 min at 42°C. Finally, to remove PCR 
inhibitors, cDNA was purified using the geneluteTM PCR clean-up kit (Sigma-Aldrich, Diegem, 
Belgium) (De Spiegelaere et al., 2008). Two primer pairs were designed for actb using 
Primer3 software. One primer set was designed to amplify the region near the 5´end of the 
RNA and the second set was designed more towards the 3´end (Table 1). The efficiency of 
each primer pair was calculated according to the standard curve method using the equation 
E = 10(-1/slope)-1 and the specificity of the PCR products was assessed by melting-curve 
analysis. Quantitative PCR was performed using the Bio-Rad CFX96 real-time system (Bio-
Rad, Hercules, California, USA) with the SsoAdvanced SYBR Green master mix (Bio-Rad, 
Hercules, California, USA) according to the manufacturer’s instructions for 20-μl samples 
containing 2 μl of undiluted cDNA. The concentration of primer pairs used is depicted in 
Table 4. Thermocycling conditions were as follows: 98°C for 30 s followed by 40 cycles of 
95°C for 30 s, 60°C for 30 s,  
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72°C for 30 s and finally a melting curve analysis was performed beginning at 65°C for 5 s 
with a gradual increase in temperature (0.5°C/5 s) to 95°C. No-template controls (NTC) were 
included in all qPCR runs and did not record any positive Cq values. Standard curves were 
generated for each primer pair with serial 5-fold dilutions of cDNA prepared using whole 
body CON 16 dph sea bass lysate RNA, mixed with pooled RNA from the 40 LCM samples of 
intestine of sea bass larvae. Data were analyzed using the CFX managerTM software 3.1 (Bio-
Rad, Hercules, California, USA). All samples were amplified in duplicate and the mean was 
implemented within further calculations.  
The ratio of relative quantity of both amplicons of the actb mRNA reflects the RNA integrity 
of the transcript (Nolan et al., 2008). Consequently, a 3´:5´ratio of around 1 indicates high 
integrity. The ratio is calculated as follows: E^-ΔCq(3’)/ E^-ΔCq(5’) with ΔCT=Ct(sample)-
Ct(standard curve). To determine the ratio corresponding with acceptable quality, RNA 
samples from whole body CON 16 dph sea bass were diluted, sequentially degraded and 
assessed by using the Experion system. Degradation was induced by exposure to 80°C and 
every 10 minutes a sample was processed and this for nine time points.  
5.3.4. Reference gene evaluation 
Nine candidate reference genes were picked for data normalization according to Mitter et al. 
(2009) [glyceraldehyde-phosphate-dehydrogenase (gapdh), β-actin (actb and actb’), 40S 
ribosomal protein S30 (faua), ribosomal protein l13a (rpl13a), β2-tubulin (tubb2), tyrosine 3 
monooxygenase/tryptophan 5-monooxygenase activation protein (ywhab), ribosomal 
Protein S18 (rps18) and translation elongation factor (ef1a) (Table 1). For cDNA synthesis, 5 
μl of total RNA from each of the 40 samples was reverse transcribed in a final volume of 50 
μl using qScript™ cDNA Supermix (Quanta BioSciences, Gaithersburg, USA) according to the 
manufacturer’s recommendations. Reverse transcriptase was performed during 30 min at 
42°C. To remove PCR inhibitors cDNA was purified using the genEluteTM PCR clean-up kit (De 
Spiegelaere et al., 2008). Quantitative PCR was performed using the CFX96 Real-Time PCR 
detection system. Three SYBR Green master mixes were tested under the conditions as 
described by Mitter et al. (2009). Under these conditions the SsoAdvancedTM SYBR® Green 
Supermix gave the best sensitivity and efficiency, with no need to further optimize the PCR 
conditions. SsoAdvancedTM SYBR® Green Supermix was used according to the 
manufacturer’s instructions for 20 μl samples containing 2μl of undiluted cDNA. The primer 
- 121 - 
pair concentrations are depicted in Table 4. Thermocycling conditions were as follows: 98°C 
for 30 s followed by 40 cycles of 95°C for 30 s, 57°C for 60 s. Finally, a melting curve analysis 
was performed beginning at 65°C for 5 s with a gradual increase in temperature (0.5°C/5 s) 
to 95°C. NTC’s were included in all qPCR runs and no positive Cq values were recorded. 
Standard curves were generated for each primer pair with serial 5-fold dilutions of cDNA 
prepared using whole body CON 16 dph sea bass lysate RNA, mixed with pooled RNA from 
the 40 LCM samples of intestine of sea bass larvae. For each primer the PCR efficiency was 
calculated according to the standard curve method using the equation E = 
10[−1/slope] − 1) × 100 and the specificity of the PCR products was controlled by melting-curve 
analysis (Table 1). Data was analyzed using the CFX managerTM software 3.1 (Bio-Rad, 
Hercules, California, USA). All samples were amplified in duplicate and the mean was 
implemented within further calculations.  
GeNorm (Vandesompele et al., 2002) and Normfinder (Andersen et al., 2004) were used to 
evaluate the expression stability of each candidate reference gene. For both tools raw Cq 
values were transformed into relative quantification data using the ΔCq method. Briefly, the 
highest Cq value for each gene was set to 1 and values for the rest of the samples were 
calculated relative to this value. Following, for each data point, the equation E^(-ΔCq) was 
applied. These expression quantities were the input data for geNorm and Normfinder.  
5.4. RESULTS 
5.4.1. Optimization of the fixation protocol 
Methacarn fixation and snap freezing were evaluated on 10 CON larvae of 16 dph with 
regard to the maintenance of tissue morphology and RNA quality. Both fixation methods 
rendered satisfactory results in terms of preserving the morphology and staining by 
haematoxylin and eosin. Methacarn fixation consistently resulted in a superior morphology 
with an average quality score of 2.0 on a scale of 3 (i.e. fair quality), as assessed by two 
histologists. Snap frozen tissue rendered a mean score of 1.5 but no difficulties were 
encountered in clearly distinguishing morphological features of the intestinal tissue.  
To assess RNA integrity, RNA from tissue scrapes were analyzed by automated 
electrophoresis using the Experion system. The best results were depicted for the snap 
frozen tissue sections with RNA quality indicator (RQI) values ranging from 7.0 to 9.1. 
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Methacarn-fixed tissue showed a high RNA degradation with RQI values ranging from 1.9 to 
2.4. 
5.4.2. RNA integrity assessment of LCM samples 
As the fixation protocol based on snap freezing gave the best results regarding the 
maintenance of adequate morphology and RNA integrity, this protocol was adopted to fixate 
the 40 larvae, including 10 larvae from each experimental group i.e. CON 16 dph, GF 10 dph, 
GF 16 dph and GFPr 10 dph. Following fixation, intestinal tissue was microdissected and RNA 
integrity was assessed using both the Experion automated electrophoresis system and a 
newly developed 3’:5’ RT-qPCR assay for sea bass.  
The Experion automated electrophoresis system gave a reliable RQI for merely seven out of 
40 LCM samples, with a mean value of 7.7 ± 0.7 SD indicating good quality. Indeed, for the 
vast majority of samples, the RNA quantity with a mean of 179 pg ± 114 SD fell below the 
lower limit of 200 pg, that is considered the minimal RNA quantity to make an accurate 
assessment of its integrity according to the Manufacturers’ guidelines of the Experion 
system. This threshold was manually overruled and the (unreliable) values are displayed 
between brackets (Table 2).  
As automated electrophoresis is not able to provide reliable RNA integrity measurements for 
all LCM samples, we optimized the 3’:5’ RT-qPCR as a more sensitive assay to assess RNA 
integrity of intestinal tissue LCM samples of sea bass larvae. Both primer pairs amplified a 
single PCR product and showed an average efficiency of 99% (3’) and 100% (5’). For the 40 
LCM samples, 3':5' ratios ranged from 0.5 to 2.4 (Table 2). To allow a reliable correlation 
between 3’:5’ ratios and RQI values a degradation curve of RNA by heat degradation was 
generated from a whole-body RNA sample from a CON 16 dph larvae (Fig. 1). Using this 
degradation curve, 3’:5’ ratios of all LCM samples could be reliably correlated with RQI 
values. According to this, only four out of forty samples reported an interpolated RQI value 
below 5.  
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Table 2: 3´:5´ratio calculation, RQI values and RNA concentrations of LCM samples of sea 
bass larval intestinal tissue. Unreliable RQI values are depicted in brackets. 
Groups ΔCq 3' ΔCq 5' 3':5' Ratio* RQI Conc. (pg) 
GF 10 dph 7.7 8.6 2.0 [8.4] 178 
GF 10 dph 8.5 8.5 1.0 [4.9] 108 
GF 10 dph 7.2 7.9 1.7 [8.3] 159 
GF 10 dph 8.6 8.8 1.1 [7.1] 159 
GF 10 dph 6.7 5.9 0.6 7.1 378 
GF 10 dph 6.9 6.7 0.9 7.7 334 
GF 10 dph 8.2 9.2 2.2 [5.9] 100 
GF 10 dph 8.3 9.4 2.3 7.1 303 
GF 10 dph 5.8 6.6 1.8 7.3 410 
GF 10 dph 6.3 7.5 2.4 [8.9] 197 
GFPr 10 dph 9.1 9.3 1.3 [5.4] 69 
GFPr 10 dph 7.9 8.6 1.7 [3.3] 102 
GFPr 10 dph 6.7 7.2 1.4 [10] 65 
GFPr 10 dph 6.7 7.4 1.7 [8.2] 57 
GFPr 10 dph 8.2 9.1 2.0 [7.5] 135 
GFPr 10 dph 7.9 8.4 1.5 [ 5] 112 
GFPr 10 dph 7.2 7.8 1.6 [9.4] 171 
GFPr 10 dph 7.4 7.4 1.1 [7.8] 62 
GFPr 10 dph 6.3 6.4 1.1 [8.1] 207 
GFPr 10 dph 8.1 7.9 0.9 7.2 284 
CON 16 dph 8.0 8.4 1.4 [5.5] 139 
CON 16 dph 7.4 7.1 0.8 [6.5] 164 
CON 16 dph 8.0 7.8 0.9 [6.8] 128 
CON 16 dph 9.2 9.4 1.2 [4.3] 121 
CON 16 dph 7.0 7.0 1.0 [9.1] 170 
CON 16 dph 8.6 8.4 0.9 [8.8] 100 
CON 16 dph 8.5 8.4 0.9 [5.7] 114 
CON 16 dph 7.9 7.8 0.9 [5.9] 125 
CON 16 dph 8.9 8.6 0.8 [7.8] 95 
CON 16 dph 9.1 8.8 0.8 [5.3] 105 
GF 16 dph 6.8 6.0 0.6 [5.2] 167 
GF 16 dph 8.0 7.4 0.7 [6.5] 139 
GF 16 dph 8.0 7.0 0.5 [5.8] 105 
GF 16 dph 8.8 8.4 0.8 [5.3] 144 
GF 16 dph 8.1 7.5 0.7 [7.5] 105 
GF 16 dph 7.1 6.9 0.9 [6.2] 168 
GF 16 dph 9.1 8.4 0.6 [5.9] 112 
GF 16 dph 8.8 8.3 0.7 [4.9] 106 
GF 16 dph 8.5 7.6 0.5 8.9 531 
GF 16 dph  5.3 5.4 1.1 8.4 421 
*3':5' Ratio = E3’^(-ΔCq 3') / E5’^(-ΔCq 5') 
ΔCq 3' = mean Cq 3’ samplen - mean Cq 3’standard curve 
ΔCq 5' = mean Cq 5’ samplen - mean Cq 5’standard curve 
CON: conventional larvae; GF: germ-free larvae and GFPr: germ-free larvae supplemented with a 
probiotic candidate 
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Figure 1: Degradation curve correlating RQI with 3’:5’ratio. Degradation was induced by exposure to 
80°C and every ten minutes a sample was processed and this for nine time points. T0 represents non-
heat degraded RNA. 
5.4.3. Reference gene evaluation 
To evaluate the stability of candidate reference genes, the expression levels of the reference 
genes were measured over the 40 RNA samples originating from the four experimental 
groups, including 10 larval samples per group (Fig. 2).  
Figure 2: Expression levels of candidate reference genes (Cq values) of the four larval groups 
separately and in combination. Bars indicate the 25/75 percentiles, whisker caps indicate the 10/90 
percentile, the horizontal line marks the median and all outliers are indicated by dots. CON: 
conventional larvae; GF: germ-free larvae and GFPr: germ-free larvae supplemented with a probiotic 
candidate  
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The smallest Cq variance was exhibited by rps18 (0.65) rpl13a (0.70), ef1a (0.72) and faua 
(0.70). In contrast, actb’ (3.23), tubb2 (2.36) and gapdh (2.41) displayed a high expression 
variance in sea bass larvae. 
The mRNA expression profiles for all reference genes studied for all experimental conditions 
showed little variation between the groups (Fig. 2). The most pronounced variation between 
groups was found in the expression level of actb’. Reference genes ef1a and faua showed 
the highest expression in the four groups, whereas actb’ and ywhab showed the lowest 
expression.  
The gene expression stability analysis over the individual subgroups by geNorm ranked the 
genes based on their stability measure value. For all subgroups, ef1a, faua, rps18 and rpl13a 
were the most stable genes with M-values not exceeding 0.3. Generally, the differences 
regarding age or treatment between the subgroups had little effect on the order of stability 
for the majority of the genes (Table 3). Additionally, a combined analysis was performed to 
determine the most suitable reference genes when working with intestinal tissue of sea bass 
larvae, regardless of their age and treatment. Accordingly, the genes ef1a and faua were 
found to be the most stable genes, followed by the genes rps18 , rpl13a, ywhab, tubb2, 
gadph, actb’ and actb in their order of appearance for the combined samples.  
 
Table 3: Ranking of the candidate reference genes according to their stability value using 
geNorm. 
Reference genes stability value M* 
Genes** Combined GF 10 dph GFPr 10 dph CON 16 dph GF 16 dph 
faua 0,072 0,066 0,074 0,062 0,064 
ef1a 0,072 0,066 0,074 0,062 0,064 
rps18 0,204 0,164 0,085 0,17 0,163 
rpl13a 0,231 0,13 0,111 0,215 0,184 
ywhab 0,295 0,214 0,175 0,313 0,258 
tubb2 0,529 0,603 0,288 0,413 0,986 
actb’ 0,882 0,371 0,503 0,61 0,529 
gadph 0,737 0,776 0,714 0,512 0,707 
actb 1,031 0,992 0,934 0,733 0,86 
* M increases from white (lowest group value) to red (highest group value)  
** Reference genes are ranked according to the mean M 
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CON: conventional larvae; GF: germ-free larvae and GFPr: germ-free larvae supplemented with a 
probiotic candidate  
 
A pairwise variation analysis was performed to determine the most suitable number of 
reference genes for an accurate normalization (Fig. 3). Taking into account the cutoff value 
of 0.15 below which the inclusion of an additional reference gene is not required [14], it was 
found that for all the groups, two reference genes are sufficient for accurate normalization.  
 
Figure 3: Determination of the optimal number of reference genes. Pairwise variation calculated by 
geNorm to determine the minimum number of reference genes for accurate normalization in all the 
samples (Combined), or in the samples of the experimental condition of interest. Every bar (Vx /Vx+1)  
represents change in normalization accuracy when stepwise adding more endogenous reference. 
 
NormFinder uses a model-based approach for identifying the optimal normalization gene 
among a set of candidates. In this model, estimations of both intra- and inter-group variation 
and a separate analysis of the sample subgroups in expression levels are included into the 
calculation of a gene expression stability value. NormFinder analysis was initially conducted 
on the different groups separately (Table 3). In the groups GF 10 dph and GF 16 dph ef1a 
and faua were identified as the most stable reference genes, whereas in the groups GFPr 10 
dph and CON 16 dph rps18 was identified as most stable reference gene followed by ef1a 
and faua, respectively.  
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Table 3: Ranking of the candidate reference genes according to their stability value using NormFinder.  
Reference genes stability value M* 
Genes** Combined GF 10 dph GFPr 10 dph CON 16 dph GF 16 dph Combined# 
faua 0,122 0,056 0,138 0,103 0,022 0,105 
rpl13a 0,105 0,055 0,109 0,111 0,065 0,111 
rps18 0,112 0,023 0,03 0,085 0,065 0,126 
ef1a 0,137 0,023 0,08 0,132 0,022 0,133 
ywhab 0,116 0,083 0,175 0,276 0,223 0,245 
tubb2 0,453 0,391 0,475 0,413 0,908 
actb’ 0,507 0,839 0,573 0,619 0,698 
gadph 0,379 0,895 0,917 0,452 0,783 
actb 0,444 1,159 1,108 0,747 0,859 
* M increases from white (lowest group value) to red (highest group value)  
**Reference genes are ranked according to the mean M 
#All genes with a high inter-group variation (cf. combined) were disqualified (i.e. gadph, actb, actb’ 
and tubb2) and analyses were repeated.  
CON: conventional larvae; GF: germ-free larvae and GFPr: germ-free larvae supplemented with a 
probiotic candidate 
 
Subsequently, the 40 samples were analyzed, while taking the groups into account in order 
to inspect the inter-group variation. Normfinder ranked rpl13a and rps18 as the two best 
reference genes. However, according to the assumption behind the NormFinder algorithm, 
inclusion of potentially regulated candidate genes in the panel could interfere with the 
analysis. Therefore, all genes with a high inter-group variation (i.e. mean of gene intergroup 
variation > 0.15) were disqualified, i.e. gadph, actb, actb’ and tubb2. Subsequently, analyses 
with Normfinder were repeated, taking only the genes with low inter-group variation into 
consideration, whilst ignoring the groups. The reference genes faua an rpl13a ranked best, 
followed by rps18 and ef1a (Table 2). The variability obtained for the best pair of reference 
genes (faua/rpl13a), when the groups were taken into account, was 0.037 (Table 2). 
 
5.5. DISCUSSION 
In this study, an LCM protocol is described that successfully combines intestinal tract 
microdissection from fish larvae with downstream RNA analysis. Although LCM on 
mammalian tissue is a well-established technique in a large number of research fields, it is 
still emerging in aquaculture research (Small et al., 2008). Fish larvae, the weakest link in the 
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aquaculture production cycle being primarily vulnerable to disease, are the emerging point 
of interest in nutrigenomics and pathogenomics (Mazurais et al., 2011; Mclean et al., 2006). 
However, their small size poses significant challenges to undertake genomic and 
transcriptomic studies. LCM of intestinal tissue, as pinpointed in the present study, will be a 
powerful new tool to study the molecular basis of host-pathogen interactions at the level of 
the intestine or the biochemical and physiological responses underpinning nutritional 
adaptations. As such, this tool may improve the efficiency and quality of fish larvae reared in 
a aquaculture setting. Furthermore, it can be deduced from previous mammalian studies 
that LCM is particularly indispensable to study the underpinning mechanisms of probiotics 
(Sonnenburg et al., 2006; Van Baarlen et al., 2009). Although probiotics are believed to 
directly antagonize enteric pathogens, modulate innate or adaptive immunity, and 
strengthen mucosal barrier function, the specific molecules and pathways mediating these 
effects have yet to be identified. Basically, the LCM technique on fish intestinal tissue creates 
a myriad of opportunities to unravel the complex changes in gene expression that underlies 
nutritional and pathological remodeling of the intestinal tissue environment without 
interference of other organs or tissues.  
LCM requires a combination of critical procedures including tissue collection, fixation, 
staining and microdissection, with each step having an impact on the subsequent RNA 
quality and morphological features (De Spiegelaere et al., 2011; Bracke et al., 2014). It is 
widely accepted that extraction of intact RNA from paraffin-embedded tissue is a difficult 
procedure, often yielding low quality RNA (Evers et al., 2011; Park et al., 2008). However, 
methacarn does not contain aldehyde groups that may influence RNA integrity, making it the 
fixative of choice when paraffin embedment is required (Dotti et al., 2010; De Spiegelaere et 
al., 2010). Cryopreservation on the other hand is the most suited method for molecular 
analysis when requiring the best possible RNA integrity. However, cryopreservation often 
decreases histomorphological quality, hampering a good identification of cell types in 
specific tissues (Fleige et al., 2006). When targeting intestinal tissue of sea bass, it was 
shown that cryopreservation is preferred, as the loss of histomorphological quality was 
limited compared to methacarn-fixation and the RNA quality was substantially higher.  
The assessment of RNA quality is a critical step in obtaining reliable results from gene 
expression studies, as working with low quality RNA may seriously compromise the 
experimental results of downstream analysis (Kozera et al., 2013). Microfluidics-based 
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electrophoresis systems, such as the Agilent 2100 bioanalyzer (Agilent Technologies, Santa 
Clara, California, USA) and the Experion automated electrophoresis system, that combine 
quantitation and quality assessment in a single step, are well established and widely used 
(Kozera et al., 2013). Both systems can accurately quantify and evaluate the integrity of 
samples with as little as 200 pg of total RNA. However, when working with lower amounts of 
RNA, which is common when using LCM, it is generally assumed that no reliable quality value 
can be provided (Filliers et al., 2011). 
The 3’:5’ assay as proposed by Nolan & Bustin (2008) appeared to be particularly applicable 
for analysis of LCM samples when only a small amount of RNA is available. This assay starts 
with a reverse transcription based on oligodT primers only. When RNA is partially degraded, 
cDNA amplicons that are positioned further from the poly-A tail will be less abundant 
compared to amplicons near the poly A tail (Nolan et al., 2006). Therefore, a 3’:5’ ratio 
around 1 indicates high integrity, whereas a higher ratio suggests degradation. Nolan & 
Bustin (2008) set a cutoff ratio of 5 to suggest degradation. However, depending upon the 
assay, i.e. target sequence and primer pairs used, another threshold cutoff ratio of degraded 
RNA may be applicable. Therefore, in the current study, a degradation curve was 
constructed linking reliable RQI values with replicable 3’:5’ ratios. In this study, LCM samples 
with ratios lower than 2 were considered of good quality. The 3’:5’ assay was more sensitive 
compared to the Experion automated electrophoresis system, as all samples could be 
analyzed by means of the 3’:5’ assay, whereas most samples did not provide a reliable RQI 
value. 
Gene expression measurement techniques such as quantitative reverse transcriptase RT-
qPCR require a reliable normalization strategy to allow a meaningful comparison across 
biological samples, as is emphasized by the MIQE guidelines (Bustin et al., 2009). Erickson et 
al. (2007) evaluated three methods for normalizing gene expression in microdissection tissue 
samples, and concluded that reference genes are the most useful standard. So far, 
expression studies in the European sea bass have been performed with only one reference 
gene (either actb, ef1a, rps18 or gadph) (Saliba et al., 2014; Tovar-ramirez et al., 2010; 
Darias et al., 2008; Villeneuve et al., 2006). However, there is clear evidence that commonly 
used reference genes may significantly vary in expression over different experimental 
conditions, developmental stages and tissues (Das et al., 2013; Kim et al., 2011; Martinez-
Beaumonte et al., 2011; Ruedrich et al., 2012; Swijsen et al., 2012; Nair et al., 2015). As a 
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consequence, it was suggested that at least two reference genes should be used for 
normalization and that these genes should be pre-validated using a larger set of reference 
genes (n≈10) to identify the most stable genes for each tissue/cell type and each 
experimental condition (Ceelen e tal., 2014). Recently, Mitter et al. (2009) published their 
findings on appropriate reference genes for expression studies in sea bass. Two reference 
genes ef1a and rpl13a were identified as suitable for expression analysis of eight 
developmental stages of sea bass. The reference genes faua and rpl13a were recommended 
as reference genes for expression analysis of a tissue panel (spleen, liver, kidney, and brain). 
Nevertheless, this study was performed using RNA samples obtained from whole sea bass 
body lysates. However, reference gene stability is cell type and tissue specific 
(Vandesompele et al., 2002; Ceelen et al., 2014). Therefore, homogeneous LCM tissue 
samples may offer an intuitively better foundation to identify reference genes suited for 
normalization of RT-qPCR directed on these specific tissues. In the current study we assessed 
the candidate reference genes in four experimental groups of larvae, of 10 LCM-collected 
samples each, and selected the best-suited reference genes from nine candidate genes. 
Expression stabilities of the reference genes were evaluated using geNorm and NormFinder. 
BestKeeper software was not considered as this program compares reference genes based 
on the raw Cq values, not taking the primer specific efficiencies into account, which may 
impact the ranking output of the reference genes (De Spiegelaere et al., 2015). With the 
GeNorm algorithm, the reference gene faua and ef1a were the most stable both within the 
groups as in the combined analysis, in accordance with Mitter et al. (2009). However, the 
ranking of Normfinder was more variable. The five least stable genes (actb, gapdh, actb’, 
tubb2, ywhab) were in all but one case ranked as least stable and in agreement with 
GeNorm, but the ranking of the more stable genes (faua, rpl13a, rps18 and ef1a) was more 
variable. The reason for this variable ranking may be their relatively small difference in 
stability measures compared to the other genes (table 2 and 3). Because of these small 
differences the relative impact of using a different set of these four genes will be minimal on 
the subsequent normalization.  
It should be kept in mind that each new RT-qPCR experiment should be preceded by a 
careful validation of the reference genes using the larger set of genes described. Our results 
show that "classical" reference genes, i.e. actb, gadp and tubb2, are unsuitable for a correct 
normalization, as is in accordance with previous studies (Suzuki et al., 2000; Glare et al., 
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2002). Notably, rps18 was among the more stably expressed genes in our dataset. However, 
previous literature reported rps18 as less suitable reference genes (Mitter et al., 2009; 
Ceelen et al., 2011), supporting the notion that these results cannot automatically be 
generalized to other tissues or experimental settings. 
Although this protocol summarizes an LCM approach to study gene expression by RT-qPCR in 
intestinal tissue of sea bass larvae, it may be adapted to study larvae from a myriad of fish 
species or tissue types. LCM combined with transcriptomics implemented in aquatic 
nutritional, microbiological or immunological studies will contribute to render aquaculture 
more sustainable and economically appealing. However, it is important to bear in mind that 
some genes, such as immunity-related-genes, are often much more lowly expressed 
compared to reference genes. Therefore, with LCM reference gene Cq values approaching 
the SYBR green detection limits, the need to perform a linear amplification step may be 
inevitable, to ensure there is a detectable representation of even the weak-expressed 
transcripts. Alternatively, more sensitive techniques, such as digital PCR techniques may be 
used to minimize variation of the quantitative output of samples with low cDNA or DNA 
levels (Kiselinova et al., 2014; Bosman et al., 2015). 
In conclusion, we demonstrate that a careful optimization of the LCM procedure allows 
recovery of high quality mRNA from complex intestinal tissues. In the current study ef1a, 
faua, rpl13a and rps18 were the most stably expressed genes and as such most suitable to 
be implemented as reference genes for an appropriate normalization of RT-qPCR data 
obtained from intestinal tissue of sea bass larvae.  
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Chapter 6 
   
Vibrio lentus as a probiotic supplement lowers glucocorticoid 
levels in gnotobiotic sea bass larvae 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Aerts, J., Schaeck, M., Ampe B., De Saeger S., Haesebrouck F., Decostere A. (2016) Vibrio 
lentus as a probiotic candidate lowers glucocorticoid levels in gnotobiotic sea bass larvae. To 
be submitted 
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6.1. ABSTRACT 
To date, a substantial amount of studies has confirmed the potential of probiotics to 
positively impact fish welfare by alleviating the general stress response. However, no study 
investigated how probiotics impact the glucocorticoid profile in a single fish larva. In this 
respect, this study assessed the effect of the administration of the probiotic candidate Vibrio 
lentus, previously shown to protect European sea bass (Dicentrarchus labrax) larvae against 
vibriosis caused by V. harveyi, on the hypothalamic-pituitary interrenal (HPI) axis reactivity. 
Therefore, V. lentus was administered to germ-free European sea bass larvae and an ultra-
performance liquid chromatography coupled to tandem mass spectrometry (UPLC-MS/MS) 
method for quantifying cortisol, its precursors and phase I metabolites applied, being the 
first in its kind. The administration of the probiotic candidate V. lentus significantly 
decreased glucocorticoid levels, ranging from its precursors, over the active hormone to its 
metabolites, in the supplemented larvae. This study provides a better insight into the effect 
of the probiotic candidate V. lentus on the HPI axis reactivity in European sea bass larvae. 
 - 141 - 
 
6.2. INTRODUCTION 
The growth of the aquaculture industry has accelerated over the last decades. This has 
resulted in a higher food production and a positive economic impact. However, diseases are 
regarded as a primary constraint to the expansion of aquaculture. Fish reared under 
commercial aquaculture conditions are exposed to numerous stressors that are not 
experienced at the same intensity in natural environments. This may result in chronic stress, 
leading to an impaired immune system which may result in decreased disease resistance 
(Austin et al., 2012). Especially the larval phase of the aquaculture production cycle is still 
affected by low and unpredictable survival and a high susceptibility to diseases. The need for 
increased larval disease resistance and feed efficiency has brought about the use of 
probiotics as an environmental-friendly prophylactic alternative to antibiotic agents in 
larviculture (Martínez Cruz et al., 2012). Numerous scientific studies evidenced that 
probiotics can improve the water quality, growth, disease resistance and the immune 
response. Despite the fact that, in the last decade, considerable scientific attention was paid 
to probiotics in larviculture and numerous studies evidenced their beneficial effects, only 
few studies investigated the mechanisms of action of probiotics in marine larviculture 
(Verschuere et al., 2000; Zhou and Wang, 2012).  
To date, a handful of studies confirmed the potential of probiotics to alleviate the general 
stress response of marine fish juveniles (Carnevalli et al., 2006; Rollo et al., 2006; Varela et 
al., 2010). However, hitherto, research investigating the impact of probiotics on the stress 
level of marine larvae, is fully lacking whereby one can not speak out on whether this may 
explain their beneficial effect. In the aforementioned studies including juveniles, plasma or 
whole-body cortisol levels were quantified by enzyme linked immunosorbent assay. One 
needs to keep in mind that the latter is biased by cross-reactivity from other glucocorticoids 
as well as substances with similar physico-chemical properties and subsequently does not 
provide an accurate nor complete view on the hypothalamic-pituitary-interrenal axis (HPI) 
activity (Ceglarek et al., 2010; Cook et al., 2012).  
The present study aimed at investigating the effect of the probiotic candidate Vibrio lentus 
on the glucocorticoid profile of sea bass (Dicentrarchus labrax, Linnaeus 1785) larvae. 
Schaeck et al. (2016b) demonstrated that treatment of sea bass larvae with V. lentus, 
isolated from healthy European sea bass larvae, significantly reduced the mortality following 
challenge with the pathogen V. harveyi which is responsible for relevant economic losses in 
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marine aquaculture (Cano-Gomez et al., 2009). Therefore, two innovative state-of-the-art 
techniques were employed. The first tool comprised a gnotobiotic sea bass larval model 
(Schaeck et al., 2016a), taking advantage of the absence of interference by other unknown 
microbial residents. The second technique used was the recently developed UPLC-MS/MS 
method enabling the quantification of cortisol, precursors and phase I metabolites in a single 
fish larva (Aerts et al., 2016).  
6.3. MATERIALS AND METHODS 
6.3.1. Bacterial cultivation practices 
Vibrio lentus, previously isolated from the intestine of sea bass larvae (Schaeck et al., 2016b) 
and Bacillus sp. LT3 (Defoirdt et al., 2011), were included. Survival of V. harveyi challenged 
larvae that were previously supplemented with V. lentus via immersion was superior in 
comparison with the untreated challenged group, whereas this was not the case for the 
larvae supplied with Bacillus sp. LT3 (Schaeck et al., 2016b).  
Both strains were cultured on marine agar (MA, Scharlab S.L., Sentmenat, Spain), incubated 
for 48 h at 17 °C in 5 % CO2 and subcultured in Trypticase soy broth (TSB, Becton, Dickinson 
and Company, New Jersey, USA) supplemented with 2 % NaCl and grown overnight at 17 °C 
in 5 % CO2. The cultivated broth was centrifuged (3000 rpm, 10 min) and the resulting pellet 
re-suspended in filtered artificial autoclaved sea water of 33 ppt (FAASW; Instant Ocean®; 
0.2 μm filter, Sartopore Pt MidiCaps, Sartorius). The stock culture was adjusted to the 
desired bacterial concentration by using an ATB 1550 densitometer (bioMérieux, Marcy-
l'Etoile, France). Bacterial titres were verified by making tenfold dilution series of the stock 
cultures on MA. 
6.3.2. Animals and Treatment 
All experiments were approved by the Ethical Committee of the Faculty of Veterinary 
Medicine and Bioscience-Engineering, Ghent University (EC2014/100). Naturally spawned 
European sea bass eggs were obtained from the “Ecloserie Marine de Gravelines” 
(Gravelines, France) and rendered germ-free by means of glutaraldehyde (Schaeck et al., 
2016a). At 1 day post hatching (dph), the germ-free larvae were transferred individually to 
the wells of a 24-well polystyrene multi-dish and reared according to Schaeck et al. (2016a). 
Three experimental groups were included: a group treated with V. lentus, one treated with 
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Bacillus sp. LT3 and one control group. For each treatment 48 larvae were divided over the 
middle lanes of 4 24-well-plates. Germ-free sea bass larvae were inoculated at 4, 6, and 8 
dph with a final concentration of 10^6 colony forming units/ml of V. lentus or Bacillus sp. LT3 
through immersion. The control group was subjected to the same procedures without the 
addition of bacterial cells. Mortality was monitored daily up to 10 dph, at which time the 
larvae were euthanized using methylsulfonatetricaine (MS-222). From each 24-well plate 4 
individuals were stored at -20°C for subsequent analyses (16 larvae/treatment). 
To assess the initial germ-free status of the larvae, pooled water samples were tested at 4 
dph of each 24-well plate and at 10 dph of the control plates according to Schaeck et al. 
(2016a). 
 
6.3.3. Whole body glucocorticoid profiling 
17α-Hydroxyprogesterone, 11-deoxycortisol, cortisol, cortisone and 20β-dihydrocortisone 
were purchased from Sigma-Aldrich (Diegem, Belgium). Tetrahydrocortisol and 
tetrahydrocortisone were purchased from Sequoia Research Products Ltd (Pangbourne, 
United Kingdom). Cortisol-d4 was used as internal standard (CDN Isotopes, Pointe-Claire, 
Canada). All tests were performed using standardized conditions according to the criteria in 
the standard EN ISO/IEC 17025 (2005). 
A single larva, weighing on average 2 mg, was sampled, rinsed with ultrapure water (Milli-Q 
gradient Q-Gard 2 from Millipore - Billerica, USA) and subsequently dried on a paper tissue. 
To obtain a homogenized sample, the larva was crushed using a specialized mixer for 
eppendorf tubes of 1.5 ml. Between samples, the mixer was rinsed with ethanol followed by 
ultrapure water and dried with a paper tissue to avoid cross-contamination between 
samples. Of the homogenized sample 0.0020 g ± 0.0001 g was weighed into a 10 ml test 
tube. Subsequently, 8 ml of methanol was added as extraction solvent and 10 μL of a 
cortisol-d4 solution of 0.5 μg L-1 was added as internal standard. When lower amounts of 
sample were used, the volume of cortisol-d4 was adapted accordingly. The sample was 
vortex-mixed for 30 s, placed on an overhead shaker at 60 rpm for 1 h at room temperature, 
and centrifuged for 10 min at 3500 g at 7 °C. All supernatant was taken, evaporated to 
dryness under nitrogen at 60 °C using a TurbovapTM nitrogen evaporator (Biotage, Sweden) 
and reconstituted in 5 ml H2O/MeOH (80:20; v/v). After conditioning a C18 SPE column 
(Grace Davison Discovery Sciences, Lokeren, Belgium) with 3 ml of methanol followed by 3 
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ml of ultrapure water, the sample was loaded. The column was washed with 4.5 ml 
H2O/MeOH (65:35; v/v) and retained compounds were eluted with 2.5 ml H2O/MeOH 
(20:80; v/v) into a 10 ml test tube and evaporated to dryness under nitrogen at 60 °C using a 
nitrogen evaporator. The sample was finally reconstituted in 50 μL H2O/MeOH (80:20; v/v) 
in a vial and analyzed by means of UPLC-MS/MS (Acquity Ultra Performance LC BEH C18 (1.7 
μm; 2.1 mm x 100 mm column, Waters, Milford, USA) (Aerts et al., 2016). Since in future 
research matrix-matched calibration curves are not practically feasible, calibration curves 
were made in diluent and a factor of 50000 was used to calculate the corresponding 
glucocorticoid concentration in a standardized sample weight of 2 mg of whole body fish 
larva. 
6.3.4. Statistical analysis 
All parameters were modeled using a linear model with the glimmix procedure in SAS 9.4 
(SAS Institute Inc., Cary, NC) with treatment as fixed effect. To achieve normality, the 
glucocorticoid concentrations were Log-transformed. The transformed data were assumed 
to be sufficiently normally distributed based of a graphical examination of the residuals 
(histogram and QQ-plot). In case of post-hoc pairwise comparisons between the treatments, 
P-values were adjusted with a Tukey-Kramer adjustment.
6.4. RESULTS 
At 10 dph, a mortality of 0.0 % was recorded for the control larvae, as well as for the larvae 
treated with V. lentus. Mortality for larvae supplemented with Bacillus sp. LT3 amounted to 
12.5 %, which was significantly higher compared to the other two groups. No bacteria were 
detected in the larval rearing water sampled at 4 dph of both experimental groups nor at 10 
dph of the control group. 
All tested glucocorticoids were detected except for tetrahydrocortisol and 
tetrahydrocortisone. Glucocorticoid profiles (average and standard deviation of 16 larvae) 
(μg kg-1) per treatment are listed in Figure 1. The p-value per glucocorticoid when comparing 
between treatments is given in Table 1. The 17α-hydroxyprogesterone level was significantly 
decreased following treatment with Bacillus sp. LT3 or V. lentus as compared to the control 
group. The glucocorticoid 11-deoxycortisol showed a downward trend upon treatment with 
V. lentus compared to the control group. The administration of V. lentus resulted in a
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significant decrease of the cortisol level in comparison with the animals of the control group 
while this was not the case for the Bacillus sp. LT3 treated larvae. The provision of V. lentus 
led to a clear decreasing trend of the cortisone level compared to the control group. In 
addition, the level of 20β-dihydrocortisone was decreased significantly following treatment 
with V. lentus, while for Bacillus sp. LT3 a decreasing trend was demonstrated. Furthermore, 
the total glucocorticoid profile, a summation of all analysed glucocorticoids, was found to be 
significantly lower in V. lentus treated larvae compared to the animals belonging to the 
control group. For the Bacillus sp. LT3 supplied larvae the total glucocorticoid profile was 
found to be decreased, albeit not significantly. 
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Figure 1: Boxplot of glucocorticoid profile (average and standard deviation of 16 larvae) (μg kg-1, 
depicted on a LOG-scale) per treatment (*=p<0.05, **=p<0.01 compared to the control).  
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Table 1: P-value for glucocorticoids when comparing between treatments. (*=p<0.05, 
**=p<0.01) 
 
 
6.5. DISCUSSION 
Since the first application of probiotics in aquaculture, a growing number of scientific papers 
demonstrated the validity of their use to control potential pathogens and to increase the 
survival and welfare of cultured fish larvae (Pérez-Sánchez et al., 2013; Newaj-Fyzul et al., 
2014). The present study provides an initial indication of a decreased level of stress 
hormones following treatment with a probiotic candidate in European sea bass, one of the 
most important farmed aquatic species for the European market. The impact on the 
glucocorticoid profile was investigated applying two innovative tools. First of all, a 
gnotobiotic European sea bass larval model was adopted (Schaeck et al., 2016a). The 
gnotobiotic model system for aquatic organisms has already proven to be a very valuable 
tool for investigating any potential interaction between the host and its associated 
microbiota (Marques et al., 2006). In the present study this tool was indispensable, as it 
eliminates any potential microbial interference (naturally present in any type of 
conventional rearing facility) in these mechanistic studies. In addition, it greatly facilitates 
the interpretation of the results in terms of a direct cause-effect relationship. Secondly, the 
recently developed UPLC-MS/MS method for cortisol, precursors and phase I metabolites in 
an individual fish larva was implemented (Aerts et al., 2016). As not merely cortisol was 
quantified but also its direct precursors and phase I metabolites, this method provides a full 
profile of the most pivotal glucocorticoids produced by the HPI axis and as a consequence 
allows a higly accurate and in-depth snap-shot of the HPI axis acitivity. In addition, the 
 Control vs. 
Bacillus sp. LT3 
Control vs. 
V. lentus 
Bacillus sp. LT3 vs. 
V. lentus 
17α-hydroxyprogesterone p=0.0208* p=0.0024** p=0.7135 
11-deoxycortisol p=0.1545 p=0.0876 p=0.9567 
Cortisol p=0.1924 p=0.0158* p=0.5018 
Cortisone p=0.1842 p=0.0574 p=0.8358 
20β-dihydrocortisone p=0.0567 p=0.0094** p=0.7511 
Total glucocorticoids p=0.1052 p= 0.0118* p= 0.6277 
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pertinent literature commonly uses immuno-assays as a fast screening methodology for 
cortisol determination, but this technique is subjected to cross-reactivity from other 
glucocorticoids as well as to substances with similar physico-chemical properties (Ceglarek et 
al., 2010; Cook et al., 2012). Furthermore, when resorting to immuno-assays, cortisol is 
determined in a pool of larvae, hereby not taking into account individual coping styles of fish 
(McEwen and Wingfield., 2003; Øverli et al., 2007). 
The present study points to a lowering of several key stress hormones by following 
supplementation with a probiotic candidate in European sea bass. This was evidenced by the 
lowered total glucocorticoid profile and more specifically cortisol in the V. lentus treated 
compared to the control larvae. The latter is in accordance with a study of Carnevali et al. 
(2006), who found significantly lower cortisol levels for European sea bass juveniles after 
administration of Lactobacillus delbrueckii delbrueckii compared to juveniles who were fed 
solely on live preys. In addition Rollo et al. (2006) indicated that L. fructivorans and L 
plantarum impeded cortisol level increments when sea bream (Sparus auratus L.) was 
submitted to acute stress stimuli. Although whole body cortisol is often used as biomarker to 
quantitate the stress level of larvae (Pottinger et al., 2003), the incorporation of other 
glucocorticoids contributes to a more comprehensive framework for studying the whole 
body stress status in fish and accentuates the innovative character of the current research. 
In this study, a significant decrease of 17α-hydroxyprogesterone and a decreasing trend of 
11-deoxycortisol were depicted. As both of these glucocorticoids are known as immediate
cortisol precursors, their quantification provides an added value regarding the snapshot of
HPI axis activity. Furthermore a significant decrease of 20β-dihydrocortisone and a
decreasing trend of cortisone were depicted. As cortisone is involved in cortisol pre-receptor
regulation by 11β-hydroxysteroiddehydrogenase type 1 and 2 (11beta-HSD1 and 2) and as
Tokarz et al. (2013) recently substantiated the hypothesis that 20β-dihydrocortisone is
involved in cortisol catabolism by action of 20β-HSD2, both glucocorticoids were quantified
providing an even more detailed view on HPI axis activity. Tetrahydrocortisol and
tetrahydrocortisone were not detected in the larvae, indicating that all samples were free of
contamination from exogenous glucocorticoids in the water or from anthropogenic derived
glucocorticoids (e.g. from hands).
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Treatment of germ-free larvae with Bacillus sp. LT3 significantly decreased the 
glucocorticoids 17α-hydroxyprogesterone compared to the control group. The other 
glucocorticoids depicted a decreasing trend for larvae treated with this strain. However, 
stress hormone levels were found to be higher in the larvae treated with Bacillus sp. LT3 
compared to larvae supplied with V. lentus as reflected by a lack of difference of the former 
with the control group. This may be explained by the higher mortality rates encountered in 
the Bacillus sp. LT3 treated group which in itself might have elicited an increased HPI axis 
activity. This difference in mortality rates was not encountered in a previous study, in which 
the mortality at 10 dph amounted to 4.2 % and 8.3 % following inoculation with bacillus sp. 
LT3 and V. lentus, respectively (Schaeck et al., 2016). At this stage, we can only speculate 
about the reason for this phenomenon with batch effect or larval quality as possible 
determining factors. The lower levels of glucocorticoids detected for both larvae supplied 
with Bacillus sp. LT3 as well as larvae treated with V. lentus, make it tempting to speculate 
that microbiota are an environmental necessity to alleviate the HPI axis activity. These 
assumptions are in accordance with Sudo et al. (2004), who found a significantly elevated 
stress response in germ-free mice compared to specific pathogen free mice. Moreover, 
reconstitution with Bifidobacterium infantis reversed this intense hypothalamic–pituitary–
adrenal axis (HPA) response to restraint stress by germ-free mice. On the other hand, rather 
than evidencing elevated HPI axis activity, the cortisol concentrations of the control larvae 
may represent basal levels. Tsalafouta et al. (2014) recorded basal cortisol concentrations of 
6.8 ± 1.3 ng g-1 for sea bass larvae at 9 dph, comparable to the concentrations of 7.0 ± 12.7 
ng g-1 found in the present study. The cortisol concentration of the larvae supplied with V. 
lentus was found to be 3 times lower (1.4 ± 0.6 ng g-1), which could be explained by a 
lowering of the basal level of cortisol concentration by the probiotic candidate. 
 
It has since long been recognized that stress influences innate immunity (Uribe et al., 2011). 
When the stressor is acute, the response pattern is rather stimulatory and the fish immune 
response shows an activating phase that especially enhances innate responses. When the 
stressor is chronic, immune suppression is observed (Tort et al., 2011). Furthermore, coping 
with the stressor imposes an allostatic cost that may interfere with the needs of the immune 
response, again increasing disease susceptibility (Tort et al., 2011). The significantly lower 
total glucocorticoid levels as noted only in the V. lentus treated larvae, hence might at least 
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partly explain the markedly better survival of the V. lentus treated larvae following challenge 
with the pathogen V. harveyi, since their immune system is less impaired by these stress 
hormones. However, further studies are needed to confirm this hypothesis and hence better 
understand the underlying mechanisms of action of the probiotic candidate. 
 
In summary, the administration of the probiotic candidate V. lentus significantly decreased 
the glucocorticoid profile, ranging from its precursors, over the active hormone to its phase I 
metabolites, in fish larvae. These findings might explain the previously encountered 
markedly higher survival of V. lentus treated larvae following challenge with the pathogen V. 
harveyi. In addition, the present study demonstrates the surplus value of employing the 
gnotobiotic sea bass larval model for studying host-microbial interactions as well as the 
UPLC-MS/MS for quantification of glucocorticoids in research focussing on larval stress 
physiology. 
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Chapter 7 
Cellular and transcriptomic response to probiotic treatment 
with Vibrio lentus in gnotobiotic sea bass larvae 
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7.1. ABSTRACT 
The present study aimed at evaluating the cellular and transcriptomic responses induced 
by the probiotic candidate Vibrio lentus with gnotobiotic European sea bass 
(Dicentrarchus labrax, Linnaeus 1785) larvae. For this a histomorphological analysis was 
performed using the terminal deoxynucleotidyltransferase-mediated dUTP nick end 
labeling (TUNEL) and the anti-proliferating cell nuclear antigen (PCNA) assay. In addition, 
a global transcriptomic approach was adopted to study the whole body mRNA changes 
upon administration of V. lentus by microarrays with the custom Agilent sea bass 
oligonucleotide-microarray v2.0 (4 x 44K). 
Following V. lentus administration, the histochemical apoptotic and cell proliferative 
index did not show significant differences between treatments. However, V. lentus 
treatment did significantly alter gene expression related to cell proliferation, cell 
adhesion, ROS metabolism, iron transport, immune response, and cell death. 
Our data represent the first global analysis of the effects of the probiotic candidate V. 
lentus on the gene expression profile in gnotobiotic European sea bass, and as such, 
provides a first delineation of the mechanisms by which this agents interacts with its host 
and exert its beneficial effects.  
.  
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7.2. INTRODUCTION 
As most capture fisheries are considered overexploited, aquaculture has become central 
to meet the future fish demand, which will continue to increase because of factors such 
as population growth, rising incomes and incrementing urbanization (Msangi & Batka, 
2015). In fact, to date aquaculture is the fastest growing food-producing sector worldwide 
(Tacon and Metian, 2015). However, unpredictable larval and juvenile fish mortality 
impede the sustainable development of global marine aquaculture. Different factors were 
proposed for this growth constraint, including inadequate nutrition and detrimental fish-
microbe interactions (Vadstein et al., 2013). Due to the rising awareness of the risks 
associated with the use of antimicrobial agents, the use of beneficial or probiotic bacteria 
is emerging as the preferred environmental-friendly prophylactic approach in aquaculture 
for both prevention of diseases and improvement of nutrition (Gatesoupe, 1999). 
In this context, numerous studies have confirmed the potential of probiotics in the 
aquaculture sector. However, only few studies address the causal relationships between 
their effects on host health and their mechanisms of action. The probiotics concept 
remains highly controversial in aquaculture as a judicious and scientifically supported 
commercial application of a probiotic treatment warrants a thorough knowledge of the 
probiotic strain. At the moment, the mechanisms by which probiotics beneficially affect 
aquatic host health are typically divided into general categories, including primarily 
strengthening of the intestinal barrier, immunomodulation and antagonism to pathogens 
either by the production of antimicrobial compounds or through competition for mucosal 
binding sites (Balcázar et al., 2006). Although there is suggestive evidence for each of 
these functional statements, the molecular details behind these mechanisms remain 
almost entirely unknown.  
Recently, the DNA microarrays were used for monitoring the expression levels of 
thousands of genes simultaneously to study the effects of certain treatments on the 
transcriptome (Tarca et al., 2006). In this way, they provide a promising tool to evaluate 
the effects of probiotics on the host. However, until now, only few studies employed gene 
expression analysis to investigate the physiological changes in response to probiotic 
supplementation in fish.  
In view of this, the objective of this study was to evaluate the cellular and genomic 
response of European sea bass (Dicentrarchus labrax, Linnaeus 1785) larvae, following 
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treatment with Vibrio lentus. This strain was originally isolated from European sea bass 
larvae and was found to be effective both in vitro and in vivo, in inhibiting the pathogen V. 
harveyi, which is responsible for relevant economic losses in marine culture worldwide. 
For that purpose,a recently pinpointed gnotobiotic culture model for European sea bass 
larvae was adopted. In addition to evaluating the effect of the probiotic candidate on the 
proliferation and apoptotic rate of enterocytes, its impact on the transcription of genes 
involved in cell proliferation and haematopoiesis, cell adhesion, redox, reactive oxygen 
species (ROS) metabolism, iron transport and immune-related processes is presented and 
discussed in detail. 
7.3. MATERIALS & METHODS  
7.3.1. Probiotic candidate strain 
Vibrio lentus was cultured on marine agar for 48h at 17°C and subcultured in Trypticase 
soy broth +2% NaCl (TSB, Becton, Dickinson and Company, New Jersey, USA) at 17°C 
overnight. Bacterial cells were harvested by centrifugation (3000 rpm for 10 min), and the 
pellet was resuspended in filtered and autoclaved artificial sea water of 33ppt (FAASW; 
Instant Ocean®; 0.2μm filter, Sartopore Pt MidiCaps, Sartorius). Optical measures (ATB 
1550, bioMérieux, Marcy-l'Etoile, France) were performed to adjust the final 
concentration of the bacterial suspension.  
7.3.2. Animals & Treatment 
European sea bass eggs were obtained from the “Ecloserie Marine de Gravelines” 
(Gravelines, France) and disinfected with glutaraldehyde according to the protocol 
described by Schaeck et al. (2015). When at least 50% of the eggs had hatched, germ-free 
larvae were transferred from the incubation bottles to the two middle lane wells of 24 
well-plates, with 12 larvae per well-plate and maintained in a barrier isolator with a glove 
system (G(ISO)-T3, TCPS, Rotselaar, Belgium) as previously described (Schaeck et al., 
2015). Both conventional culture methods (Marine agar and TSB+2% NaCl) and an 
automated flow cytometer system were used to confirm the sterility of the larvae 
(Schaeck et al., 2015).  
Eight well-plates of germ-free larvae were randomly divided into 2 experimental groups
with four well-plates each: germ-free control larvae (GF) and germ-free larvae 
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supplemented with a probiotic candidate (GFPr). The larvae from the GFPr group were 
inoculated via immersion at 4, 6 and 8 days post hatching (dph) with V. lentus at a 
concentration of 10^6 colony forming units ml−1. The GF group was subjected to the same 
procedures as compared to the GFPr group, but no bacterial cells were added. 
Throughout the experiment both groups were kept in complete darkness until 7 dph. 
Starting from 7 dph all larvae were fed germ-free Artemia franciscana nauplii every other 
day (EG® Type; INVE Aquaculture NV, Belgium), obtained according to the procedure 
described by Sorgeloos et al. (1986). From 1 until 10 dph, 1ml of FAASW was changed 
every other day and mortality was monitored daily. The larvae were euthanized with an 
overdose of MS-222 (Sigma-Aldrich, Diegem, Belgium). All experiments were approved by 
the Ethical Committee of the Faculty of Veterinary Medicine and Bioscience-Engineering, 
Ghent University (no. EC2014/100) and carried out in accordance with the approved 
guidelines and legislation in force. 
 
7.3.3. Histochemistry 
Larvae were full bodied fixed in formalin 4% for 12h, embedded in paraffin (Microm STP 
420D, Thermo Fisher Scientific, Massachusetts, USA) and sectioned transversally at 5 μm.  
Anti-proliferating cell nuclear antigen (PCNA) antibody was employed for detection of the 
proliferation rate of enterocytes. After deparaffinization and rehydration, sections were 
treated for heat-induced epitope retrieval (HIER) in citrate buffer pH 6.0. Endogenous 
peroxidase activity was blocked rin 3% hydrogen peroxide for 5 min. Subsequently, 
sections were incubated in 1:10000 diluted Mouse monoclonal PCNA antibody [PC10] 
(Abcam, Ref.ab29) for 30 min, followed by rinsing with washing buffer. Next, the PC-10 
antibody was captured with the anti-mouse EnVisionTM kit (DAKO, Ref.K4007), followed 
by incubation within a 1:50 diluted 3, 39-diaminobenzidine (DAB) tetrahydrochloride 
substrate solution (DAKO, Ref.K4007) for 5 min. Tissue sections were counterstained with 
haematoxylin, followed by dehydration and mounting of the sections. 
Cell apoptosis was detected by using Terminal deoxynucleotidyl transferase dUTP nick 
end labelling. After deparaffinization and rehydration, sections were incubated for 25 min 
at 37°C with proteinase K working solution. Subsequently, DNA labeling was performed 
using the In Situ Cell Death Detection Kit, Fluorescein (Roche) according to the 
manufacturer instructions, to detect and quantify apoptotic cell death at the single-cell 
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level by fluorescence microscopy. Cell nuclei were counterstained with Hoechst stain 
(blue).  
Image panels were acquired with ×40 oil lens using an Olympus 1X70 fluorescence 
microscope. The proliferative and apoptotic indices were determined according to the 
percentage of positive cells in a total of 100 cells assessed. This was done for both the 
midgut and the hindgut. In order to avoid subjective bias on the assessment of 
histological parameters, samples were blinded from the observers when they were 
determined. To evaluate the effect of treatment within location, the Wilcoxon rank sum 
test was used separately for each location.  
 
7.3.4. Microarray assay 
7.3.4.1. RNA Extraction 
Four pools containing four larvae of the GF and GFPr group were collected to compare 
their transcriptomic profiles. Total RNA was extracted from the larval pool using the 
ReliaPrep™ RNA Miniprep Systems (Promega, Leiden, the Netherlands) according to the 
manufacturer's instructions. Total RNA was eluted in 30 μl of nuclease-free water. Total 
RNA concentration was determined by NanoDrop-2000 spectrophotometer (Thermo 
Scientific) and the integrity was measured by Agilent 2100 Bioanalyzer (Agilent 
Technologies). Samples with RIN values greater than 8 were chosen for microarray 
analysis. RNA samples with less than 60 ng μl-1 were precipitated. Briefly, 0.1 volume of 
3M sodium acetate (pH=5.2) and 2.5 volume of absolute ethanol were added to the total 
extracted RNA samples and incubated at -80°C for 24 hours. Samples were centrifuged at 
14,000 rpm for 15 min at 4°C. The pellet was washed with 70% ethanol and centrifuged at 
7,500g for 5 min at 4°C. The pellet was dried and resuspended in 5 μl of RNase-free water. 
Samples were stored immediately at -80°C until their use. 
 
7.3.4.2. Microarrays hybridizations 
Hybridizations were performed using the custom Agilent Sea bass oligonucleotide-
microarray v2.0 (4 x 44K). The probe sequences included in the array full description are 
available in Gene Expression Onmibus (GEO) public repository (GPL16767). Microarray 
analyses were conducted in pooled samples obtained at 10 dph. Four sea bass larvae 
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were pooled and four different pools of each experimental condition (GF and GFPr) were 
used for microarray analysis. 
One-color microarray was applied in order to analyze the gene expression pattern in sea 
bass larvae supplemented with the probiotic candidate. Briefly, Cyanine-3 (Cy3) labeled 
cRNA was prepared from 100ng of total RNA using the LowInput Quick Amp Labelling kit 
(Agilent, cat# 5190-2305) according to the manufacturer's instructions, followed by 
RNAeasy column purification (Qiagen, cat# 74004). Dye incorporation and cRNA yield 
were checked with the NanoDrop ND-2000 Spectrophotometer. Then 1.65μg of Cy3-
labelled cRNA (specific activity >6.0pmol Cy3/μg cRNA) were fragmented at 60°C for 30 
min in a reaction volume of 55 μl containing 25x Agilent fragmentation buffer and 10x 
Agilent blocking agent (Agilent, cat# 5188-5242) following the manufacturer’s 
instructions. On completion of the fragmentation reaction, 55 μl of 2x GEx hybridization 
buffer were added to the fragmentation mixture and hybridized to Seabass 
oligonucleotide-microarray v2.0 for 17h at 65°C in a rotating hybridization oven. After 
hybridization, microarrays were washed 1 min at room temperature (RT) with GE Wash 
Buffer 1 (Agilent, cat# 5188-5325), 1min at 37°C with GE Wash buffer 2 (Agilent, cat# 
5188-5326), 45s at RT with Acetonitrile (Fisher Scientific cat# A062717), and 30s at RT 
with stabilization and drying solution (Agilent, cat# 5185-5979).  
Slides were scanned immediately after washing on the Agilent DNA Microarray Scanner 
(G2505B) using one color scan setting for 4x44k array slides (Scan Area: 61x21.6mm; Scan 
resolution: 5μm; Dye channel was set to Green and Green PMT was set to 100%). Spot 
intensities and other quality control features were extracted with Feature Extraction 
software version 10.4.0.0 (Agilent). Quality reports were checked for each array. 
 
7.3.4.3. Microarrays data analysis 
Array data were analyzed using the R statistical language and environment (http:// 
www.r-project.org), specifically with the microarray analysis tools available from the 
Bioconductor Project (http://www.bioconductor. org). Data were background subtracted 
and normalized using the LIMMA Bioconductor package (Smyth, 2004). Data obtained 
from biological replicates were averaged, and then linear models were applied. 
Differentially expressed genes (DEGs) were determined using the non parametric 
significance analysis of microarrays (SAM) (Tusher et al., 2001), with a false discovery rate 
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(FDR) less than 5% (Storey, 2002). Analysis of statistically significant gene expression 
changes was made in the context of known biological response focused on structural and 
functional roles with special attention to genes involved in tight junction and immune-
related response. Also, in order to minimize the pleiotropic effects among differentially 
expressed genes (DEGs) functional classification, the bioinformatic resource GOrilla (Eden 
et al., 2009) was used to identify biological enriched GO terms. Genes with p-value<0.05 
were considered for analysis (Student’s t-test). 
7.4. RESULTS & DISCUSSION 
Probiotics have been elaborately shown to exert health benefits for aquatic organisms, 
mostly in the prevention of infectious diseases and improvement of nutrition (Verschuere 
et al., 2000). However, understanding how these bacteria contribute to fish health 
remains a major challenge. Nevertheless, this understanding is of paramount importance 
to delineate the role of probiotic agents in health as well as disease to support a judicious 
and scientifically supported commercial application of a probiotic treatment. V. lentus, 
isolated from clinically healthy European sea bass larvae, previously showed to be a 
promising probiotic candidate effective both in vitro and in vivo. This probiotic strain 
significantly reduced the mortality following challenge with the pathogen V. harveyi, 
which is responsible for relevant economic losses in marine aquaculture worldwide 
(Schaeck et al., 2016b). To provide insight into the properties of the probiotic candidate V. 
lentus, the interactions with its host were assessed using both a transcriptomic and 
phenotypic approach and applying a gnotobiotic European sea bass larval model system 
(Schaeck et al., 2016a). Gnotobiotic systems are required to fully understand the effects 
and modes-of-action of the probiotics (Dierckens et al., 2009), as the native microbial 
communities present in non-sterile animals, are very dynamic e.g. in terms of microbial 
composition This can cause experimental problems such as the lack of repeatability and 
reproducibility and, as such, may lead to false conclusions (Fjellheim et al., 2012).  
To gain insights into the mechanisms underlying the probiotic candidate protective effect, 
a high-throughput gene expression analysis using microarrays was conducted to compare 
the transcriptomics between GF and GFPr sea bass larvae at 10 dph. Transcriptomic 
analysis was performed with the custom Agilent Sea bass oligonucleotide-microarray v2.0 
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(4 x 44K) platform which covered 13,199 unique transcripts of European sea bass. In total, 
2,399 genes (p-value<0.05) were differentially expressed following treatment with the 
probiotic candidate (Fig. 1). From these, 1,845 genes were up-regulated with 1,448 mainly 
concentrated in the 1.4-2.8 absolute fold change (AFC) interval (812 DEGs in 1.4 ≤ AFC ≤ 
2.0, and 636 DEGs in 2.0 ≤ AFC ≤ 2.8). By contrast, 554 down-regulated genes were 
registered (p-value<0.05) grouped mostly in the 1.0 ≤ AFC ≤ 1.4 interval. The same trend 
was observed for DEGs with p-value < 0.01 (293 up-regulated genes with 133 DEGs in 1.4 
≤ AFC ≤ 2.0 and 90 DEGs in 2.0 ≤ AFC ≤ 2.8; and 85 down-regulated genes with 50 
transcripts in the 1.0 ≤ AFC ≤ 1.4 interval). These results indicate that genes were 
markedly up-regulated in the GFPr group. 
 
 
 
Figure 1: Total Number of differentially expressed genes (DEGs) in Absolute fold change 
(AFC) with P<0.05 and P<0.01 between germ-free sea bass larvae and larvae supplied with 
the probiotic candidate Vibrio lentus 
 
To construct an overall picture of the impact of supplementing sea bass larvae with the 
probiotic candidate at transcriptomic level, 173 genes with differential expression 
(P<0.05) were selected (Fig 2 & 4). To facilitate the presentation and interpretation of 
results, 119 DEGs were arranged by their biological functional roles with special attention 
to genes involved in cell proliferation and hematopoiesis, cell adhesion, redox, reactive 
oxygen species (ROS) metabolism and iron transport. Immune-related genes involved in 
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pro-inflammatory response, complement, humoral-mediated response, antigen 
presentation, cell-mediated response, IFN signalling pathway and cell death were likewise 
included (Fig. 2).  
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Genes Fold change p-value
Cell proliferation and hematopoiesis
Histone-binding protein RBBP4 2,61 0,03
Serine/threonine-protein kinase MARK1 2,54 0,02
RNA polymerase-associated protein RTF1 homolog 2,35 0,04
Histone-lysine N-methyltransferase HRX 2,34 0,02
elongin B) 2,19 0,01
Transcription factor E2-alpha 2,12 0,01
cyclin-dependent kinase 7 2,09 0,04
G1/S-specific cyclin-E2 1,93 0,03
Ubiquitin-associated protein 2 1,85 0,02
member 1 1,80 0,04
60S ribosomal protein L23a 1,53 0,03
Transcription elongation factor A protein 3 1,52 0,01
Ubiquitin-conjugating enzyme E2 L3 -1,27 0,02
Cell adhesion
claudin 29a 2,70 0,01
Platelet glycoprotein IX 2,30 0,02
Cytolysin Src-1 2,35 0,03
Platelet glycoprotein Ib alpha chain 2,22 0,04
fibronectin 1 2,17 0,01
Vinexin 2,01 0,04
Cadherin-7 2,01 0,03
Claudin-9 1,96 0,02
Claudin-3 1,96 0,05
occludin 1,91 0,04
Receptor-type tyrosine-protein phosphatase U 1,57 0,02
Junctional adhesion molecule C 1,49 0,00
p53 apoptosis effector related to PMP-22 1,43 0,02
Desmoglein-2 1,41 0,00
Galectin-3-binding protein A 1,41 0,05
Pro-inflammatory response
interleukin-1 beta 3,73 0,02
Akirin-2 3,17 0,02
Tripartite motif-containing protein 16 2,56 0,01
Putative elongator complex protein 1 2,37 0,02
C-X-C motif chemokine 10 2,24 0,02
NF-kappa-B inhibitor zeta 2,18 0,03
c-c motif chemokine 19 precursor 2,11 0,01
Tumor necrosis factor, alpha-induced protein 2 1,96 0,03
Toll-like receptor 2 1,74 0,03
Tumor necrosis factor receptor superfamily member 14 precursor 1,74 0,03
C-C chemokine receptor type 3 1,63 0,04
Tyrosine-protein phosphatase non-receptor type 22 1,61 0,04
Caspase-1 1,42 0,01
- 166 - 
p , ,
Complement
complement component C7 2,22 0,00
complement component 8, beta polypeptide 1,94 0,03
Complement C4 1,84 0,04
Complement C1q subcomponent subunit C 1,71 0,04
Complement C1q protein 1,58 0,05
Complement component C6 1,57 0,02
Ela2 protein -2,52 0,02
Humoral-mediated response
immunoglobulin D heavy chain 2,76 0,00
immunoglobulin delta heavy chain 2,17 0,02
immunoglobulin mu heavy chain 2,10 0,03
RNA polymerase II elongation factor ELL2 1,93 0,04
Transcription factor PU.1 1,92 0,03
Signal transducer and activator of transcription 6 1,88 0,00
immunoglobulin kappa light chain VLJ region 1,88 0,04
Antigen presentation
T-cell receptor gamma chain C region (TRGC gene) 2,59 0,03
dynein, cytoplasmic 1, heavy chain 1 2,58 0,01
MHC class I antigen 2,55 0,04
T cell receptor gamma chain V-J-C1 2,34 0,02
T-cell receptor gamma chain 2.09 0.02
Beta-2-microglobulin 2.06 0.01
Ankyrin repeat and SOCS box protein 5 1.79 0.02
cathepsin S 1.72 0.03
MHC class II antigen beta chain 1.43 0.02
T-cell receptor beta chain ANA 11 1.34 0.05
Cell-mediated response
interleukin-12 subunit beta-like 2.75 0.03
Carbohydrate sulfotransferase 3 2.65 0.02
Serine/threonine-protein kinase D2 2.52 0.02
Syntaxin-binding protein 2 2.44 0.04
interleukin-12 p35 chain 2.26 0.01
Cytotoxic and regulatory T cell protein 1.82 0.03
Tyrosine-protein kinase CSK 1.58 0.02
precursor 1.41 0.03
IFN signalling pathway
interferon-inducible protein ISG12 2.16 0.04
Non-receptor tyrosine-protein kinase TYK2 2.09 0.03
interferon regulatory factor 5 1.82 0.01
Interferon alpha-inducible protein 27 1.72 0.03
tyrosine kinase 2 1.37 0.01
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Redox, ROS metabolism and iron transport
Hydroxyacylglutathione hydrolase 2.74 0.01
NADH-ubiquinone oxidoreductase 75 kDa subunit 2.70 0.04
Cytochrome b561 domain-containing protein 2 2.66 0.04
mitochondrial 2.56 0.03
Heme transporter hrg1-A 2.41 0.03
Mitoferrin-2 2.36 0.02
Hepcidin 2.31 0.01
Cytochrome b-245 heavy chain 2.17 0.01
Cytochrome c-a 2.05 0.05
transferrin receptor (p90, CD71) 1.97 0.04
cytochrome P450 2K5 1.96 0.03
Copper/zinc superoxide dismutase (SODC) 1.86 0.02
Cytochrome b-245 light chain 1.85 0.04
hydrogen voltage-gated channel 1 1.63 0.05
Cytochrome c oxidase subunit Vb 1.48 0.05
Cytochrome oxidase c subunit VIb 1.31 0.04
homolog 1.22 0.05
cytochrome c, somatic -1.24 0.02
glutathione peroxidase 4 -1.27 0.05
Serotransferrin-1 -1.37 0.03
Cell death
Serine protease HTRA2, mitochondrial 3.00 0.02
Apoptosis-associated speck-like protein containing a CARD 2.84 0.01
Cysteine protease ATG4B 2.79 0.02
P53 DNA-binding domain 2.24 0.05
ictalurus punctatus inhibitor of apoptosis protein 1 2.15 0.03
caspase-9 1.92 0.02
Serine/threonine-protein kinase ppk4 1.92 0.01
PRKC apoptosis WT1 regulator protein 1.80 0.00
Apoptosis inhibitor 5 1.70 0.04
Ubiquitin conjugation factor E4 B 1.61 0.03
Tumor protein p53-inducible nuclear protein 2 1.59 0.01
Death domain of Tumor Necrosis Factor Receptor 1 1.55 0.00
Serine/threonine-protein phosphatase 2A 56 kDa regulatory 1.54 0.05
Tripartite motif-containing protein 13 1.51 0.00
Caspase-6 1.41 0.04
p53 tumor supressor protein 1.27 0.01
40S ribosomal protein S3 1.25 0.02
Serine/threonine-protein kinase PINK1, mitochondrial 1.23 0.01
tumor protein p53 inducible protein 3 -1.40 0.03
Histone deacetylase 1 -1.46 0.01
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Figure 2: Differentially expressed genes of sea bass larvae inoculated with V. lentus. Four pools 
containing four larvae (10 dph) from sea bass inoculated at 4, 6 and 8 dph with V. lentus (GFPr 
group) or mock-inoculated (GF group) were collected to compare their transcriptomic profiles. 
Differentially expressed genes are arranged according to their biological functional role and 
up/down-regulated expression. Expression ratios of up- and down-regulated genes are in blue and 
orange, respectively. Data are differential expression ratios to controls (p-value<0.05). 
Cell proliferation and hematopoiesis 
Regulated genes related with cell proliferation were found and their expressions changed 
to up-regulation in the vast majority. Thus, genes directly involved in cell proliferation 
(potassium voltage-gated channel, subfamily H; 60S ribosomal protein L23a), intracellular 
signal transduction (Serine/threonine-protein kinase MARK1), and transcription 
(transcription elongation factor B (SIII), polypeptide 2) were up-regulated. Also, up-
regulation of genes associated with cell cycle control signal transduction (G1/S-specific 
cyclin-E2) and transcription level (cyclin-dependent kinase 7; transcription elongation 
factor A protein 3) together with cell proliferation control (histone-binding protein rbbp4), 
suggest the induction of cell proliferation. In addition, this is consistent with the down-
regulation of ubiquitin-conjugating enzyme E2 L3, a modulation which takes place in 
progression through the cell cycle. These results are in accordance with the findings of 
the research group of Rawls et al. (2004) who found that germ-free fish larvae have 
reduced rates of epithelial proliferation compared with their conventionalized 
counterparts, based on genomic data. Nevertheless, histochemical analysis using PCNA-
staining indicated that treatment with V. lentus did not significantly alter epithelial cell 
proliferation neither for midgut (P=0.3638) nor for hindgut (P=0.686) (Fig. 3). At this 
stage, we can only speculate about the discrepancy between the results obtained by 
microarray analysis and histology. One explanation might relate to the different levels 
one is looking into with these techniques, going from transcriptomics to proteomics and 
eventually to phenotype and as such all the possible levels of regulation potentially 
altering the outcome. 
Regarding cell proliferation, genes related to hematopoiesis and stem cell homeostasis 
(ubiquitin-associated protein 2) and transcription (RNA polymerase-associated protein rtf1 
homolog; histone-lysine N-methyltransferase hrx) were also up-regulated. Importantly, 
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the up-regulation of transcription factor E2-alpha, required for B and T lymphocyte 
development was also detected.  
 . 
 
Figure 3: Treatment effect on PCNA index. PCNA index for each treatment and location displays no 
significant difference for cell proliferation of enterocytes between different germ-free larvae (GF) 
and larvae supplied with the probiotic candidate Vibrio lentus (GFPr). 
 
 Cell death 
The transcriptomic response of GFPr larvae showed the expression of apoptosis inducer 
genes (serine protease HTRA2, mitochondrial; serine/threonine-protein kinase ppk4; PRKC 
apoptosis WT1 regulator protein; death domain of tumor necrosis factor receptor 1) and 
apoptosis enhancer (tripartite motif-containing protein 13). Genes involved in the p53-
induced apoptosis signaling were both up-regulated (p53 tumor supressor protein; P53 
DNA-binding domain; serine/threonine-protein phosphatase 2A 56 kDa regulatory subunit 
gamma isoform) but also down-regulated (tumor protein p53 inducible protein 3). 
Importantly, ubiquitin conjugation factor E4 B, regulating the granzyme-mediated 
apoptotic signaling pathway, was also up-regulated. 
Apoptosis is dependent upon caspase activation leading to substrate cleavage and, 
ultimately, cell death. In this matter, there are two types of apoptotic caspases: initiator 
(apical) caspases and effector (executioner) caspases. The transcriptome showed the up-
regulation of caspase 9 and also apoptosis mediators at this level such as apoptosis-
associated speck-like protein containing a CARD (promotes caspase-mediated apoptosis 
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involving predominantly caspase-8 and also caspase-9), and 40S ribosomal protein S3 
(plays a role in caspase-8 activation). Taking into account the expression of these genes, 
the up-regulation of caspase-6, responsible for apoptosis execution, was not surprising. 
However, the up-regulation of genes considered as antiapoptotics was also observed, i.e. 
apoptosis inhibitor 5, inhibitor of apoptosis protein 1, and serine/threonine-protein kinase 
PINK1, mitochondrial. Programmed cell death is crucial for organisms allowing tissue 
homeostasis, elimination of damaged or abnormal cells, and defense against infections.  
Autophagic cell death is mainly a morphologic definition (i.e. cell death associated with 
autophagosomes/autolysosomes), and there is still no conclusive evidence that a specific 
mechanism of autophagic death actually exists. However, it is quite conceivable that 
constitutive autophagy could eventually destroy a cell (Tsujimoto and Shimizu, 2005). The 
up-regulation of two genes which positively regulates an eventual autophagy were 
detected: cysteine protease ATG4B, and tumor protein p53-inducible nuclear protein 2. 
The expression of this last gene together with the expression of p53-induced apoptosis 
signaling suggests a link between both processes. 
Although the transcriptomic response showed the up-regulation of several genes 
associated with apoptosis, histological analysis did not reveal statistically significant 
changes in apoptosis in intestinal cells of hindgut (P=0.567) nor midgut (P=0.9422), as 
judged by the TUNEL assay. Moreover, we found that apoptotic cells had a very low 
appearance rate in fish larvae at 10 dph both in GF larvae and GFPr larvae. This data is in 
accordance with a study by NG et al. (2005) who found that cell death is a rare event 
during the first 2 weeks of normal zebrafish intestinal development. 
Cell adhesion 
Genes of the tight junction complex (claudin 29a; claudin-9; claudin-3) and genes related 
to its formation and regulation (occludin) were significantly up regulated. This type of cell-
cell interaction closely connects areas of two cells whose membranes join together to 
form a virtually impermeable barrier. In addition, genes promoting desmosome assembly 
(p53 apoptosis effector related to PMP-220) and also a component of the intercellular 
desmosome junctions (desmoglein-2) were up-regulated. Also the expression of src 
(involved in the cell-cell junction phosphorylation key for epithelial adherens junction) 
was recorded. These cell-cell adhesion structures help to resist shearing forces and are 
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found in simple and stratified squamous epithelium, contributing to maintain the 
epithelial integrity. In this ambit was noted the up-regulation of receptor-type tyrosine-
protein phosphatase U. In addition, transcripts that can be associated with cell adhesion 
(cadherin-7) and that are linked to migration processes (fibronectin 1; vinexin) were up-
regulated. Moreover, transcripts which participate in the regulation of transepithelial 
migration of polymorphonuclear neutrophils (junctional adhesion molecule C) by 
intergrin-mediated cell adhesion (Galectin-3-binding protein A), as well as platelet 
adhesion (platelet glycoprotein IX; platelet glycoprotein Ib alpha chain) were up-
regulated.  
In sum, the V. lentus administration regulates tight junction protein expression, preserves 
barrier function and promotes transepithelial migration. A significant body of studies on 
probiotics describe the strengthening of the gut epithelial barrier function as one of the 
most important cytoprotective effects of probiotics (Candela et al., 2008; Mennigen et al., 
2009). However, in the present study no clear-cut conclusion could be made on whether 
tight junction protein up-regulation was located at the skin or at the intestinal level. 
Therefore, laser capture microdissection of sea bass intestinal epithelial cells, as 
developed by (Schaeck et al., 2016), coupled with qPCR is recommended to be 
implemented for post-microarray validation of cell adhesion genes and as such rectify the 
potential of V. lentus for strengthening the gut epithelial barrier function. 
 
Pro-inflammatory response 
Several genes associated with pro-inflammatory response were significantly up-regulated 
in sea bass larvae after V. lentus treatment. At recognition level, an up-regulation of toll-
like receptor 2 (TLR-2) that mediates the innate immune response to bacterial 
lipoproteins (LPS) and other microbial cell wall components, was observed. The 
expression of NF-kappa-B inhibitor zeta, that plays a role in inflammatory responses to 
LPS by their interaction with NF-B proteins through ankyrin-repeat domains, and the 
expression of tyrosine-protein phosphatase non-receptor type 22 which positively 
regulates toll-like receptor (TLR)-induced type 1 interferon production, were also 
detected. 
The expression of TLR-2 and its interaction with ankyrin-repeat domains links with the 
expression of Akirin-2, a TLR downstream effector required for TNF and IL-1β signalling 
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pathways. Importantly, several genes associated with both cytokines were up-regulated. 
In the case of TNF, the expression of tumor necrosis factor receptor superfamily member 
14 precursor (involved in lymphocyte activation) and tumor necrosis factor, alpha-induced 
protein 2 that may play a role as a mediator of inflammation was observed, but also the 
expression of IL-1 beta. Moreover, the expression of positive regulation of IL-1β secretion 
(tripartite motif-containing protein 16) and caspase-1 that cleaves IL-1 β between an 
aspartic acid and an alanine, releasing the mature cytokine which is involved in a variety 
of inflammatory processes, confirms the interlinking among these up-regulated genes. 
On the other hand, the expression of chemokines such as C-X-C motif chemokine 10, c-c 
motif chemokine 19 precursor, C-C chemokine receptor type 3 as well as genes involved in 
the pro-inflammatory signalling as putative elongator complex protein 1 indicate the clear 
activation of the immune response. Recently, the up-regulation of CCL-19 was associated 
to an efficient adaptive immune response mounting in fish (Reyes-López et al., 2015) 
Overall, our findings indicate that the supplementation of the probiotic candidate 
increases the expression of pro-inflammatory cytokines and their receptors in European 
sea bass. This is in agreement with a study by Roman et al. (2013), who found that 
transcripts of pro-inflammatory cytokines (IL-1, TNF-, COX-2) were highly up-regulated 
after 1 h of incubation with the probiotic strain V. fluvialis L-21 in sea bass head kidney 
leucocytes. 
 
Complement 
Another important component in the innate immune response is the complement 
system, responsible for the pathogen clearance mediated by phagocytic cells and 
antibodies. The up-regulation of complement C1q protein and its subcomponent subunit C 
indicate the activation of the transcriptomic machinery of complement-related genes. 
C1q is the first component of the serum complement system in which, in mammals, its 
efficient activation of C1 takes place on interaction of the globular heads of C1q with the 
Fc regions of IgM antibody present in immune complexes. Importantly, the up-regulation 
of IgM (immunoglobulin mu heavy chain) was also detected. The presence of these two 
components allows to induce phagocytic activity to clear pathogens from the host. In this 
response, complement C4 is essential for the propagation of the classical complement 
pathway, covalently binding to immunoglobulins and immune complexes. The end result 
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of this complement activation is the massive amplification of the response and activation 
of the cell-killing membrane attack complex (MAC). In our results several genes related to 
MAC such as complement component C6, complement component C7, and complement 
component 8, beta polypeptide were up-regulated. In addition, the down-regulation of 
Ela2 protein which inhibits C5a-dependent neutrophil enzyme release, indicates that the 
complement system response took place in V. lentus treated sea bass larvae. 
 
Antigen presentation 
The key response in the adaptive immunity is the antigen processing and presentation. 
The process mediates the activation of both B and T cells, responsible for both the 
humoral- and cellular-mediated immune response. Antigen presentation is mediated by 
major histocompatibility complex (MHC) class I molecules, and the class II molecules 
found mostly on the surface of antigen-presenting cells (APCs). These molecules are the 
responsible for exposing the antigen for its recognition and the subsequent activation of 
the adaptive immune response. In our study, the up-regulation of both MHC class I (MHC 
class I antigen; Beta-2-microglobulin) and class II molecules (MHC class II antigen beta 
chain) were detected. Importantly, genes associated to MHC class I (dynein, cytoplasmic 
1, heavy chain 1; ankyrin repeat and SOCS box protein 5) and MHC class II (cathepsin S) 
mediated antigen processing and presentation were also found. 
The molecule responsible for antigen recognition by peptide bound to major 
histocompatibility complex (MHC) molecules is the T cell receptor (TCR), found on the 
surface of T lymphocytes. The transcriptomic response showed the expression of three 
markers of the TCR γ chain: T-cell receptor gamma chain; T-cell receptor gamma chain C 
region (TRGC gene) and T cell receptor gamma chain V-J-C1. In mammals, the TCR consist 
of two different protein chains. The 5% of T cells the TCR consists of gamma and delta 
(γ/δ) chains and their abundance is the highest in the gut mucosa. By contrast, 95% of T 
cells the TCR consist of an alpha (α) and beta (β) chain. Therefore the up-regulation of 
TCR gamma chain suggests the use of V. lentus as an immunopotentiator at mucosal level 
in sea bass larvae. 
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Humoral-mediated response 
The humoral response is involved in both the activation of the innate and the adaptive 
immune response. In our analysis, the expression of immunoglobulin mu (Igμ) heavy chain 
was detected. Igμ, the heavy chain of IgM, plays an important role in primary defense 
mechanisms due to its role in the complement system activation after antigen 
recognition. Related to IgM, immunoglobulin D (IgD) heavy chain was also up-regulated. 
IgD is the major antigen receptor isotype on the surface of most peripheral B-cells and is 
also a potent inducer of TNF and IL-1β. In sum, a direct correlation between the innate 
immune response markers and IgD expression is induced by V. lentus.  
The secretion of Ig depends on the activation of the cellular machinery. The signal 
transduction activation is necessary to promote the transcription and thus induce the 
differentiation or activation of B-cells to secrete Ig. In this study, the expression of signal 
transduction mediators (Signal transducer and activator of transcription 6), 
transcriptional activator (transcription factor PU.1) and RNA polymerase II elongation 
factor ELL2 (involved in the immunoglobulin secretion) were expressed. All these data 
suggest the activation of the humoral immune response probiotic-mediated in sea bass 
larvae. 
Cell-mediated response. 
T cells are activated by foreign antigens to proliferate and differentiate into effector cells 
only when the antigen is displayed on the surface of antigen-presenting cells by MHC 
molecules. This process activates a signal transduction cascade in T cells and the 
transcription of cytokines, which will be the responsible for the different types of 
response (helper or cytotoxic). In this matter, the observed up-regulation of 
Serine/threonine-protein kinase D2, involved in the signaling downstream of T-cell antigen 
receptor (TCR) and cytokine production suggested the activation of T cells. One of the 
most important cytokines in the activation of the cell-mediated immune response is IL-12 
which plays a key role in the differentiation of naive T cells into Th1 cells, and therefore, 
in mounting a cell-mediated immune response. The present study reports for the first 
time the upregulation of both IL-12 subunits (interleukin-12 p35 chain or IL-12α; and 
interleukin-12 subunit beta-like). Also the up-regulation of natural killer (NK) cell 
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cytotoxicity gene markers (syntaxin-binding protein 2; and cytotoxic and regulatory T cell 
protein) provide more evidence for the induction of this response. 
Other genes involved in the maintenance of naive T-lymphocytes (carbohydrate 
sulfotransferase 3) and regulating T-cell signalling (tyrosine-protein kinase CSK) and 
proliferation (T-cell immunoglobulin and mucin domain-containing protein 4 precursor) 
suggest a controlled induction of this process. 
 
IFN signalling pathway 
Several genes associated to IFN-mediated immune response were significantly up-
regulated. The up-regulation of genes that promote the induction of IFN type I (interferon 
regulatory factor 5), and involved in its intracellular signal transduction (tyrosine kinase 2; 
Non-receptor tyrosine-protein kinase TYK2) were found. Also the expression of IFN-
responsive genes (interferon-inducible protein ISG12) and genes mediating IFN-induced 
apoptosis (Interferon alpha-inducible protein 27) were recorded. The expression of these 
IFN-related genes may be associated to an indirect effect of the pro-inflammatory or 
adaptive immune response induction, as IL-12 induction is known to assist in the 
production of interferon-gamma (IFN-γ) from T cells, natural killer (NK) cells and resting 
peripheral blood mononuclear cells (PBMC). Several studies already reported that 
ingestion of probiotic bacteria triggers spontaneous production of IFN-γ by human blood 
leukocytes (Hessle et al., 2000; Haller et al., 2000). 
 
Redox, ROS metabolism and iron transport 
Regarding the oxidation-reduction process, genes involved in the glutathione biosynthetic 
process (hydroxyacylglutathione hydrolase) and in the electron transfer through the 
cytochrome oxidase complex (NADH-ubiquinone oxidoreductase 75 kDa subunit, 
mitochondrial; cytochrome b561 domain-containing protein 2; Cytochrome c-a; 
cytochrome c oxidase subunit Vb; cytochrome oxidase c subunit VIb; ubiquinol-cytochrome 
c reductase complex chaperone CBP3 homolog) were up-regulated. 
The mitochondrial electron-transport complexes are the responsible of the reactive 
oxygen species (ROS) generation in physiologically low amounts, (1% or 2% of the total 
rate of O2 consumption in mammals) (Chance et al., 1979), to modulate mitochondrial 
and cell function (Stowe and Camara, 2009). Therefore, an intricate relationship between 
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electron-transport and ROS exist. ROS are oxygen-reactive molecules which are formed as 
a natural by-product from oxygen metabolism and play an important role in cell signalling 
and homeostasis. Importantly, markers of the acute production of ROS in phagocytosis 
(hydrogen voltage-gated channel 1) and component of the membrane-bound oxidase of 
phagocytes that generates superoxide (cytochrome b-245 heavy chain; cytochrome b-245 
light chain) were up-regulated. Also, genes involved in the ROS metabolic process (NADH 
dehydrogenase [ubiquinone] iron-sulfur protein 3, mitochondrial; SOD) were also found, 
indicating the effective up-regulation of markers associated with the O2- detoxification 
and hence the ROS control level. 
Four genes associated to iron transport were up-regulated. Importantly, all these DEGs 
are involved in the iron uptake/absorption. Among these genes hepcidin, a liver-produced 
hormone that constitutes the main circulating regulator of iron absorption and 
distribution across tissues (plasma, intestine) and cells (macrophages, erythrocytes and 
hepatocytes) was found. Hepcidin has also been associated with the anti-inflammatory 
response, indicating that its expression may also be involved in the regulation of the pro-
inflammatory response. Another gene involved in the iron uptake was transferrin 
receptor, acting via receptor-mediated endocytosis of the transferrin-iron complex. 
Mitoferrin-2 (responsible of the iron uptake and transporter at mitochondrial level) and 
heme transporter hrg1-A (regulates intracellular heme availability) were also up-
regulated. Thus, V. lentus promotes the iron/uptake absorption both in cells and tissues. 
The up-regulation of genes involved in iron transport in sea bass treated with V. lentus 
was interesting. The iron metabolism is a promising target for antibacterial strategies 
since iron is critical for all bacteria to grow (Symeonidis and Marangos, 2012). To date, 
increasing attention has attracted the use of natural compounds to exploit weaknesses in 
the bacterial iron metabolism to take advantages of iron-uptake system as a control 
method for a bacterial infection. More efforts are needed to evaluate whether the 
expression of the iron metabolism/transport is correlated with antimicrobial activation 
system in sea bass larvae after the exposure to V. lentus. 
Furthermore, among the down-regulated genes we found glutathione peroxidase 4, 
which is involved, together with catalases, in converting H2O2 into water. Also cytochrome 
c, somatic, involved in the electron transfer to the cytochrome oxidase complex, the final 
protein carrier in the mitochondrial electron-transport chain, was down-regulated. 
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Regarding iron uptake, serotransferrin-1, responsible for iron-binding blood plasma 
controlling the level of free iron in biological fluids, was also down-regulated. 
 
DEGs classification according to Gene ontology (GO) enrichment 
Since the DEGs classification according to their biological functional role could be 
considered problematic due to pleiotropy, a DEGs classification based on GO enrichment 
was performed in order to have a different perspective of the transcriptomic results, with 
those genes that were not implicated in different processes, avoiding their overlapping. 
Thus, among the up-regulated genes we found processes such as cell adhesion, 
dephosphorylation, proteolysis, and regulation of transcription (DNA template) (Fig. 4). In 
total, 66 up-regulated genes were classified in these processes. By contrast, only two GO 
descriptions (proteolysis and oxidation-reduction) were obtained when the same analysis 
was done for down-regulated genes, totalling 11 down-regulated genes. Taken together, 
these results clearly show a marked number of up-regulated genes and hence the 
presence of a greater number of biological processes related to them. 
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Figure 4: Differential expressed genes of sea bass larvae inoculated with V. lentus classified according 
to Gene ontology (GO) enrichment. Differentially expressed genes are arranged according to their GO 
description and up/down-regulated expression. Expression ratios of up- and down-regulated genes 
are in blue and orange scale, respectively. Data, expressed as fold change (FC), are 
differential expression ratios to controls (p-value<0.05). 
 
7.5. CONCLUSION 
The purpose of this study was to generate a highly reliable pool of genes and pathways 
whose expression is closely associated with V. lentus administration and consequently with 
its effect on the host. After analysing, in detail, whole-body genome-wide transcriptional 
profiles, of gnotobiotic European sea bass larvae with and without V. lentus treatment we 
conclude that V. lentus significantly alters genes related to cell proliferation, cell adhesion, 
ROS metabolism, iron transport and cell death. Our study also highlights the 
immunomodulatory functions of V. lentus. A suite of immune genes was significantly up 
regulated in larvae exposed to V. lentus. This group included several immune-related 
processes such as pro-inflammatory response, complement, humoral-mediated response, 
antigen presentation, cell-mediated response, IFN signalling pathway, and cell death. These 
data represent a merely explorative approach for understanding probiotic functioning. 
Therefore, it should be emphasized that validation of putative changes in gene expression, 
using RT-qPCR remains advisable.  
This manuscript describes, for the first time in gnotobiotic fish larvae, the cellular and 
genetic responses to probiotic bacteria. Reciprocal studies performed in this way will 
increase our understanding of the functional attributes of current and future probiotics and 
will facilitate probiotic product improvements. Ultimately, our ability to control and predict 
probiotic-based effects will allow the aquaculture industry to choose for science-based 
probiotics with well-defined health benefits allowing to render aquaculture more sustainable 
and economically appealing. 
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To date, numerous scientific studies evidenced that probiotics can improve the water 
quality, growth, disease resistance, alleviate stress and enhance the immune response. 
However, little is known about the exact mechanisms by which probiotics used for aquatic 
organisms, especially larvae, exert their beneficial effect. In view of this, the present body of 
research aimed at contributing towards an elucidation of the modes of action of probiotics in 
European sea bass (Dicentrarchus labrax L.) larviculture. Chapters 3, 4, 5, 6 and 7 of this 
thesis detail individual research studies, and have discussion sections of their own. However, 
there are general points that should be discussed in light of their combined findings.  
8.1. THE GNOTOBIOTIC MODEL 
The gnotobiotic model system, as adopted in this thesis, has proven to be a valuable tool for 
investigating any potential interaction between the host and its associated microbiota 
(Marques et al., 2006). The protocol developed here offers various advantages compared to 
the existing models, as was outlined in Chapter 3, due to the independence of continuous 
antibiotics administration, the 24–well plate rearing system and the possibility of axenic life-
feeding, which allows to maintain the larvae until at least 16 days post hatching (dph) 
(Schaeck et al., 2016). This model may be used to study the impact of microbial colonization 
on host biological processes i.e. development, physiology and immunity or microbe–microbe 
interactions within the physiological context of a living host. By adopting a gnotobiotic 
model, the fish larvae are completely controlled in terms of bacteriological status, as is the 
rearing water and the nutrition. As more factors inside the system are known to the 
researcher and variability between the replicates is kept to a minimum, this model allows an 
optimal interpretation of the results. Following selection of the microorganisms that are 
introduced into the germ-free host’s environment, the host-microorganism interactions may 
be meticulously monitored and direct effects observed. However, general rules in life 
unfortunately also apply to the scientific world by way of “every upside has its downside”.  
First of all, although simple in concept, gnotobiotic systems are complex in execution and 
finding the right protocol may be a very tough and time-consuming task. The current know-
how of rearing gnotobiotic aquatic organisms is much more limited compared to the more 
traditional mammalian laboratory animals (Pham et al., 2008). Fish embryos produced by 
natural breeding in aquaculture facilities have a high initial microbial burden, as they are 
exposed to microorganisms in the genital pore as well as residing in debris and faeces at the 
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bottom of breeding tanks. Hence, it is a real endeavor to develop a disinfection protocol that 
strikes the balance between not harming the embryos and being able to produce germ-free 
fish eggs. Furthermore, the aquatic system is known to be a challenging environment when 
one wants to create and maintain a germ-free condition. Therefore, all the models 
encountered in literature, relied upon a continuous addition of antimicrobial agents to the 
rearing water to safeguard the germ-free condition, with the exception of the zebrafish 
(Danio rerio L.) and the Atlantic cod (Gadus morhua L.) model (Rawls et al. 2004, Forberg et 
al. 2011). The research group of Dierckens et al. (2009) were the pioneers when developing 
their valuable germ-free sea bass larval model. Although this constitutes a major step 
forward in research, it resorts to supplying rifampicin and ampicillin on a continuous basis to 
the larval rearing water. However, the continuous use of antimicrobials in the rearing water 
may elicit unwanted and unknown interactions with the target organism (Marques et al. 
2006). Furthermore, the envisaged microorganisms need to be made resistant to the used 
antimicrobial agent by multiple in vitro passages, which may have an impact on 
pathophysiological traits of the microorganism under study (Fux et al. 2005, De Swaef et al. 
2015). Indeed, the Vibrio anguillarum HI610 isolate that was made rifampicin-resistant by 
natural selection and adopted previously by Dierckens et al. (2009), recently failed to induce 
significant mortality in sea bass larvae (Li et al. 2014), when no dead larvae were added 
before pathogen challenge to the culture vials. This may be rooted in the various in vitro 
passages potentially having impacted virulence factors, thereby stressing the importance of 
not employing antimicrobial agents to maintain the germ-free condition. Therefore, 
although developing a protocol independent of the continuous use of antibiotic agents to 
maintain the germ-free conditions absorbed a lot of time and energy, it is regarded as one of 
the major advantages of the gnotobiotic model presented in this study. 
Secondly, germ-free animals may show some (patho)physiological deviations from what is 
regarded as 'normal' in their conventional counterparts. This may be the case even if the 
former are given a nutritionally adequate diet and satisfactory environmental conditions and 
thrive at least as well as their conventional fellows. These effects will be most apparent in 
that part of the body routinely in contact with large numbers of microorganisms, i.e. the 
gastrointestinal tract (GIT). In a study by Rawls et al. (2004) it was demonstrated that germ-
free zebrafish raised in the presence of sterile food develop a rapidly progressive epidermal 
degeneration starting from approximately 8 days post fertilization (dpf), which results in 
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lethality by approximately 20 dpf (Rawls et al., 2004). However, this phenotype was 
ameliorated by exposing germ-free fish to either individual bacterial species or an 
unfractionated microbiota (Rawls et al., 2006). In a study by Bates et al. (2006) it was 
indicated that germ-free zebrafish larvae had a poorly differentiated intestinal epithelium 
and exhibited a failure to take up protein macromolecules in the distal intestine. Rekecki et 
al. (2009) quantified the effect of a germ-free controlled culture on survival and GIT 
development of sea bass larvae from 0 until 15 dph. In contrast to the former publications, 
histological analysis revealed only minor variations in regional morphology of epithelial cell 
types observed in the gut in individual larvae between and within treatment groups (Rekecki 
et al., 2009), with treatment being germ-free or conventional. Furthermore, it was found 
that germ-free larvae were larger and had a more developed GIT tract from 14 dph onwards 
when compared to conventional larvae. One of the possible explanations for the latter might 
be cell kinetics, as was noted by Rekecki et al. (2009). However, several studies comparing 
the proliferation/apoptosis ratio in germ-free birds, rats, mice or fish to their conventional 
counterparts revealed an inconsistent reaction of the host to the presence of bacteria. 
Therefore, the research group of Rekecki et al. (2009) stated that an immunohistochemical 
assay is essential to clarify the effect of bacteria on cell proliferation and apoptosis in germ-
free and conventional sea bass larvae when assessing their impact. The study in Chapter 7 
responds to this suggestion. No statistically significant differences were found in 
proliferation nor apoptotic index between germ-free larvae and larvae supplied with a 
probiotic candidate, giving a first indication that the cell kinetics of the GIT are not affected 
by the germ-free status, at least not up to 16 dph. This is in accordance to Rawls et al. (2004) 
who observed no difference in the apoptotic ratio of enterocytes between germ-free and 
conventional zebrafish larvae.  
Furthermore, researchers have realized that an organism’s microbiome does not only assist 
in digesting food, but that animals that are raised germ-free also have altered immune 
systems, hearts, lungs, lymph nodes, metabolisms, and even reproductive abilities (Williams 
et al., 2014). Numerous scientific studies concluded that the gut microbiome shapes 
intestinal immune responses and that commensal microbiota are essential for the correct 
functionality of each organ in the host (Gomez et al., 2008; Galindo-Villegas et al., 2012). In 
the study depicted in Chapter 6 we found that germ-free sea bass larvae had a higher level 
of stress hormones compared to the larvae administered a probiotic candidate. Although 
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this topic needs further investigation, this may indicate that the germ-free status in itself 
may be a (chronic) stressor, as such possibly suppressing the immune response and 
therefore increasing disease susceptibility. This hypothesis is in accordance with numerous 
similar articles on mice (mus musculus L.) showing an imbalanced immune system of germ-
free mice when compared with their conventional counterparts (Slack et al. 2009; 
Hapfelmeier et al. 2010; Geuking et al. 2011; Macpherson et al. 2012). In addition, Sudo et 
al. (2004) observed a significantly elevated stress response in germ-free mice compared to 
specific pathogen free mice. Moreover, reconstitution with Bifidobacterium infantis reversed 
this intense hypothalamic–pituitary–adrenal axis (HPA) response to restraint stress by germ-
free mice (Sudo et al., 2004).  
The (patho)physiological deviation from conventionally raised animals that germ-free fish 
larvae may suffer from, should urge us to extrapolate findings from studies involving germ-
free larvae to their conventional counterparts with utmost caution. Therefore, it is suggested 
that deductions based on experiments adopting germ-free models should be confirmed in 
conventionally kept animals. Furthermore, the drawbacks of the germ-free model as listed 
above may be partly avoided by shifting from a complete germ-free model to a model 
encompassing larvae supplied with one or more well-defined, harmless commensal 
microorganisms. This concept can be further stretched to use animals that are deprived of 
one or more types of microorganisms but harbor an otherwise conventional microbiota. For 
instance, Tannock et al. (1988) derived a colony of mice that did not harbor lactobacilli in 
their digestive tracts but whose intestinal microbiota is otherwise functionally similar to that 
of conventional mice. This provided an indispensable tool to study the microecology of 
lactobacilli indigenous to the digestive tract of mice (Tannock et al., 1988).  
Thirdly, the gnotobiotic model, as developed in this study, is efficient for maintaining the sea 
bass larvae until at least 16 dph. However, the current model does not allow to maintain the 
germ-free larvae up to juvenile or adult stages. To enable the study of gnotobiotic fish until 
later developmental stages, two major challenges will need to be addressed. First, diets 
should be developed that allow adequately feeding germ-free larvae to adult stages. The 
gnotobiotic model described here allows the supply of sterile live feed, Artemia fransciscana 
nauplii, originating from Great Salt Lake (GSL), to the larvae without compromising their 
germ-free status and survival. In a study by Dhert et al. (1990), it was found that sea bass 
larvae fed solely on Artemia nauplii GSL died of a nutritional deficiency syndrome by day 27 
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and never reached metamorphosis. However, when sea bass larvae were fed with nauplii of 
the San Francisco Bay (SFB) strain or GSL Artemia were enriched with an emulsion containing 
high levels of the ω3-HUFAs (highly unsaturated fatty acids) 20:5 and 22:6, larvae were able 
to reach metamorphosis which started at 19 dph (Dhert et al., 1990). As such, maintaining 
germ-free sea bass larvae until at least metamorphosis may be accomplished by developing 
a protocol for making SFB nauplii axenic or by developing an axenic enrichment process of 
the GSL Artemia. Secondly, to enable the study of gnotobiotic fish until later developmental 
stages, an improved infrastructure will need to be developed, including methods for 
guaranteeing high quality media to promote the health of gnotobiotic fish during long-term 
cultures. However, to our knowledge, no studies have appeared in the literature on 
maintaining germ-free teleost fish until adult stages, with the longest germ-free rearing 
being 30 dpf of zebrafish, as was described by Rawls et al. (2004). Regarding the gnotobiotic 
model developed in this thesis, a possibility would be to maintain the larvae in 12 well plates 
or 6 well plates, enabling to maintain the larvae up to stages older than 16 dph. For 
experiments with very long time commitments, fish may be reared in aquaria in gnotobiotic 
isolators. Addressing these challenges will empower the analysis of how microorganisms 
influence imperative features of sea bass biology in juvenile and adult stages and as such will 
help to realize the full potential of this innovative gnotobiotic model system. 
8.2. PROBIOTICS 
8.2.1. Selection and screening of probiotics 
In Chapter 4, we screened a range of isolates for potential probiotic properties. This chapter 
discusses the crucial phases we had to cover to select effective and safe probiotics (Fig. 1) 
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Figure 1: Rationale for the development of probiotics, with acknowledgement to Verschuere 
et al. (2000) and Sharifuzzaman (2010).  
 
In general, candidate probiotics for aquaculture purposes were obtained from a wide range 
of sources, including healthy adult fish (Gildberg et al. 1997; Gram et al. 1999), fish larvae 
(Gatesoupe 1999; Ringø and Vadstein 1998), human gut (Nikoskelainen et al. 2003; Picchietti 
et al. 2007), the rearing water (Lauzon et al. 2009) or the gut of chickens (Pan et al. 2008), 
which all led to enhanced health of the target species. However, the use of beneficial 
indigenous bacteria isolated from aquatic organisms is gaining recognition for controlling 
pathogens within the aquaculture industry. There is no clear indication that probiotic 
candidates isolated from the host, would perform better than those from another habitat 
(Merrifield et al., 2010). However, one would assume that the optimal source for beneficial 
bacteria is among the healthy host’s own bacterial microbiota, since this would increase the 
chances of the probiotic to colonize the host (Fjellheim et al., 2010). Therefore, in this study 
the intestinal microbiota of the target host species, i.e. European sea bass, was evaluated as 
a source of potential probiotics. 
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Following the isolation phase, one ends up with an enormous pool of isolates that must be 
screened and preselected to obtain a restricted number of bacteria for further examination 
(Vine et al., 2006). In this study representative colonies were tested for in vitro antagonism 
against pathogens. Although in vitro antagonistic activity is an appropriate strategy for the 
selection of beneficial organisms that work by competitive exclusion, by applying this in vitro 
screening technique, putative probiotics with other mechanisms of action will be excluded 
from further considerations. In addition, it is not guaranteed that the antagonism observed 
in vitro has any relevance in vivo, as antagonism patterns may vary under different 
experimental conditions (Bizani and Brandelli, 2004; Hjelm et al., 2004). The latter is 
supported by the results obtained in the current study, as it was observed that the isolate V. 
proteolyticus was inhibitory to V. harveyi only in vitro (Chapter 4, Schaeck et al., 2016b). 
Nevertheless, in numerous cases the selected antagonistic bacteria demonstrated to be 
effective probiotics (Brunt and Austin, 2005; Vine et al., 2004) and in vitro selection criteria 
are necessary for reducing a large collection of isolates to a smaller number, thereby saving 
expenditure and time and keeping the experimental animals to a minimum (Verschuere et 
al. 2000; Balcázar et al. 2006).  
Besides antagonistic activity, probiotic bacteria should possess the characteristics of 
gastrointestinal viability, i.e. the capacity of entry and survival during transit through the 
stomach, followed by persistence in the intestinal tract. Therefore probiotics for juvenile or 
adult fish should be resistant to bile salts and acid environments. However, tolerance to acid 
is, generally speaking, not required for probiotic candidates directed to fish larvae, as the 
intestinal tract is alkaline during the first stage of development and becomes only acid 
around 25 days post hatching (Süzer et al., 2011). In contrast, bile production in sea bass 
larvae is already activated shortly after hatching (Diaz et al., 1997). All probiotics tested in 
Chapter 4 had the capacity to withstand the effects of bile salt.  
Subsequently, isolates with favorable characteristics, as determined from in vitro selection 
criteria for probiotic bacteria were identified to species level. This is essential as it may 
provide useful information about the culture requirements and possible virulence gene 
expression of the selected probiotic candidate (Vine et al. 2006). Initially, the isolates in this 
study were identified using 16S rRNA, which allows an accurate identification of Vibrios at 
the family and genus level. However, as several Vibrios have nearly identical 16S rRNA 
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sequences and comparable phenotypic features, the amplification of the 16S rRNA gene may 
produce misidentifications at the species level. Therefore, identification at the species level 
requires a more sophisticated phylogenetic analysis for some species (Dorsch et al., 1992). 
This has lead to the use of the Multilocus Sequence Analysis (MLSA), which is based on the 
analysis of differences in housekeeping gene sequences to disclose relatively distant 
evolutionary processes, allowing the discrimination of bacterial strains at the level of 
species, intraspecies or subspecies (Thompson et al., 2005). The bacterial species withheld in 
the present thesis, V. lentus, was reported not to cause any disease in fish species such as 
sea bream (Sparus aurata) or turbot (Scophthalmus maximus), when inoculated 
intraperitoneally with 10^6 CFU ml-1 (Farto et al., 2003). Furthermore, V. lentus was rated as 
non-virulent for rainbow trout (Oncorhynchus mykiss), as the fish did not show signs of 
infection nor were the bacterial cells recovered from tissues after feeding with Artemia 
nauplii, inoculated with 10^6 CFU ml-1 (Austin et al., 2005). However, V. lentus was reported 
to cause disease and mortality in wild octopus (Octopus vulgaris) (Farto et al., 2003). This 
does not necessarily mean that the V. lentus isolate adopted in the present study is virulent 
to octopus and further research on this item hence is imperative. In Ecuador, V. alginolyticus 
was associated with both healthy and diseased larvae and juvenile shrimp (Vandenberghe et 
al., 1999). Nevertheless, V. alginolyticus (Ili strain) was used successfully in a whiteleg shrimp 
(Penaeus vannamei L.) hatchery to prevent infectious diseases related to V. harveyi 
(Zherdmant et al., 1997). This case elegantly demonstrates the difference in characteristics 
between strains. Therefore, V. lentus was further evaluated in our study as being a probiotic 
candidate.  
The next step to the development of probiotics requires examination of any possible harmful 
effects of the candidate probiotic on the host (Verschuere et al. 2000). Haemolysis, regarded 
as a virulence factor among pathogenic bacteria, is regularly used for the in vitro evaluation 
of potential probiotics. In the present research harmlessness was first tested in vitro 
adopting a haemolytic activity test. Following, harmlessness was assessed in vivo using a 
challenge with the putative probiotic candidates. In the harmlessness test in chapter 4 
(Schaeck et al., 2016b) neither V. lentus, Bacillus sp. LT3 and V. proteolyticus elicited a higher 
mortality in sea bass larvae, compared to the control larvae, when added to the water of the 
rearing wells. After administration of the selected probiotic candidates, larval survival was 
monitored for 12 days, after which they were euthanized. In studies including juveniles or 
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adult fish, the animals may be examined for disease signs and external or internal lesions, 
inspecting the kidney, spleen and muscle. In fish larvae, this is much more difficult, as often 
the only sign of larval bacterial disease is death. Therefore, larval survival was the only 
parameter monitored in the present study. However, with the intention to strive to optimize 
animal welfare in scientific research, it may be stated that the well-plate system, as adopted 
in the present study, is most promising to evaluate larval condition or behavioural disease 
signs. Motor function can be analyzed for multiple individuals simultaneously by acquiring 
video images showing larvae swimming in the wells of multi-well plates (Ahmad et al., 2012). 
These automatic systems could additionally be applied to monitor general well-being of an 
individual larva, alerting the researcher as to which larvae exhibit a high range of behaviours 
cueing for anxiety, stress or (pre-)death and as such can be a useful tool in pathogen 
challenge tests amongst others to include humane endpoints. Possible cues for these 
physical states could be increased bottom-dwelling time, seizures, body coloration or curling 
of the tail, which are behavioural traits described for zebrafish larvae (Kalueff et al., 2013). 
 
In aquaculture, probiotics may be applied either as a food supplement or as an additive to 
the rearing water (Nikoskelainen et al. 2001; Vendrell et al. 2008; Planas et al. 2006). For 
choosing the appropriate delivery method, the developmental stage of the fish and culture 
environment are important parameters. In this research project, it was favored adding the 
probiotic to the rearing water at 4 dph. This is thought to increase the exposure of the germ-
free larvae to the probiotic candidates and increase the colonization potential, with mouth 
opening at 5 dph and exogenous feeding starting only at 7 dph. However, supplementation 
of probiotics through feed (bio-encapsulation) may be an evenly adequate or better method 
to ensure the efficiency of the probiotic bacteria in the GIT of fish. Live nauplii of the Artemia 
can be considered as an efficient vector for delivering compounds of varied nutritional 
and/or therapeutic value to larval stages of aquatic animals, a process known as bio–
encapsulation. However, their use in fish feed production is still scarce, as it seems to be 
economically not viable and basically difficult in large scale aquaculture practice (Dey et al., 
2015). Interestingly, higher incorporation of Pediococcus acidilactici into turbot larvae was 
observed when the bacterium was added to the rearing water than when it was 
administered via rotifers. This was explained by Villamil et al. (2010) by the continuous 
drinking activity of larvae, allowing the high incorporation of the selected probiotic (Olafsen, 
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2001). In this study different administration protocols were not addressed. However, to 
enable a cost effective treatment for higher scale production, further research needs to be 
done adopting V. lentus, since the results in terms of uptake may vary with the different 
probiotic candidates available. 
 
In vivo studies, to be able to determine the effectiveness of potential probiotics for 
controlling disease, will inevitably involve experimental challenges of the host (Austin et al. 
1995; Verschuere et al. 2000). In this study, administration of V. lentus to sea bass larvae at 4 
dph followed by challenge with V. harveyi at 10 dph, resulted in a significant reduction of 
mortality at 16 dph, when compared to non-supplemented larvae. V. proteolyticus 
administration did not significantly reduce mortality. However, it should be highlighted that 
no long-term effects were studied to determine how the infection with the pathogen is 
evolving. This is of importance to determine whether the activity of the pathogen is really 
suppressed or simply delayed, through for example competition for nutrients. Gildberg and 
Mikkelsen (1998) found that twelve days after infection of Atlantic cod fry with V. 
anguillarum, a reduced cumulative mortality was observed in fish treated with Chaetoceros 
divergens. However, at 4 weeks after the infection, the same cumulative mortality as in the 
control treatment was depicted. Therefore it would be interesting to study the long term 
effects of V. lentus treatment upon challenge with V. harveyi, and as such determine how 
the infection is involving.  
 
8.2.2. Studying the mode of action 
Overall, the results presented in Chapter 4 support the potential of using probiotics in 
controlling bacterial fish diseases. However, the fundamental question remains on how 
probiotics may induce disease resistance in European sea bass larvae. The answer most likely 
is complex since an array of possible modes of action was suggested, which might have 
complex interrelationships amongst themselves (Nya, 2015). Major probiotic mechanisms of 
action encountered in literature include enhancement of the gut epithelial barrier, 
competitive exclusion of pathogenic microorganisms (production of inhibitory compounds, 
competition for chemicals, oxygen or available energy, and competition for adhesion sites), 
production of anti-microbial substances (i.e. antibiotics, siderophores), disruption of quorum 
sensing, modulation of the immune system, water quality improvement, enzymatic 
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contribution to digestion and constituting a food source on their own (Verschuere et al., 
2000; Pichietti et al.,2009; Balcázar et al., 2006). A better understanding of the mode of 
action of probiotics and how the immune system generally responds to gut microbiota is 
essential to provide sounder evidence of their benefits.  
The in vitro study performed in this thesis showed that V. lentus produced a zone of 
inhibition around the disc on marine agar in a disc diffusion method against the pathogens V. 
harveyi, V. vulnificus and V. ordalii, indicating that the probiotic candidate produces one or 
more inhibitory compound(s) i.e. antibiotics, bacteriocins, siderophores, lysozymes, 
proteases, and/or hydrogen peroxide (Sugita et al., 1997). Therefore, it cannot be ruled out 
that there is the possibility of outcompeting V. harveyi, V. vulnificus or V. ordalii by antibiosis 
via the production of inhibitors in vivo. In the pathogen challenge test performed in Chapter 
4 (Schaeck et al., 2016), full protection against V. harveyi following treatment with V. lentus 
was observed. However, as in vitro inhibitory effects are not guaranteed in vivo (Gram et al., 
2001), it is not to be stated with certainty that this protection in vivo was the direct result of 
the probiotic candidate outcompeting the pathogen through antibiosis. Therefore, more 
evidence and characterization of a potential antibacterial substance produced by V. lentus in 
vivo remains to be undertaken in the near future. Furthermore, besides competitive 
exclusion through production of inhibitory compounds, competitive exclusion may also 
occur due to competition for adhesion sites in vivo. This may be tested by differentially 
labelling the pathogen and the probiotic candidate and observe their associations with the 
GIT. Green fluorescent protein labelling of pathogens or probiotics has already been proven 
to be a useful tool for tracking pathogens or probiotics and studying its interactions with the 
host (Pollock et al., 2015; Schultz et al., 2005; Rekecki et al., 20012).  
To unravel the modes of action of the probiotic V. lentus, DNA microarray technology was 
used in this thesis. In the past, molecular techniques have increased the understanding of 
the mode of action of probiotics destined for improving human health (Grover et al., 2012). 
However, until now, only few studies employed gene expression analysis to investigate the 
physiological changes in response to probiotic treatment with fish. This manuscript 
describes, for the first time in gnotobiotic fish larvae, the responses to probiotic bacteria. 
Biological interpretation of the gene expression analysis revealed that genes associated with 
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cell proliferation and haematopoiesis, cell death, cell adhesion, redox reactive oxygen 
species (ROS) metabolism and iron transport and immune-related processes such as pro-
inflammatory response, complement, humoral-mediated response, antigen presentation, 
cell-mediated response and IFN signalling pathway were significantly modulated. 
Several studies already highlighted the immunomodulatory character of probiotics for 
aquaculture enhancement (Irianto and Austin, 2002; Pichietti et al., 2009; He et al., 2013). 
For example, lipopolysaccharides, a component of the outer cell membrane of Gram-
negative bacteria, was found to possess immunogenic potential, and a small dose can induce 
the production of antibody, lysozyme, alternative complement pathway, B and T 
lymphocytes, cytokines, pro-inflammatory cytokines (i.e. IL-1β, TNF-α) and several other 
factors from macrophages, including phagocytic activity in fish (Sharifuzzaman, 2010). This 
particular role of probiotics corroborates well to the present study where innate immune 
parameters were enhanced in larvae treated with V. lentus compared to the controls. Most 
interestingly, also adaptive immune parameters were found to be up-regulated by 
administration of V. lentus. However, previous literature observed the first appearance of B-
lymphocytes and immunoglobulins is found to be when marine fish larvae have reached 
about 20–30 mm in length (Chantanachookhin et al., 1991; Magnadottir et al., 2005) and sea 
bass was thought to be capable of mounting an adaptive immune response only weeks after 
hatching. Nevertheless, in the present study, comparison of 10 dph GF vs GFPr larvae 
revealed up-regulation of several adaptive immune parameters represented on the 
microarray, upon exposure to V. lentus. As such, the activation of the adaptive immune 
response by V. lentus administration, may be one of the reasons for the protective effect of 
V. lentus for sea bass larvae upon challenge with a pathogen (Schaeck et al., 2016).  
In addition, the V. lentus administration was found to regulate tight junction protein 
expression, to preserve barrier function and to promote transepithelial migration. A 
significant body of studies on probiotics describe the strengthening of the gut epithelial 
barrier function as one of the most important cytoprotective effects of probiotics (Candela 
et al., 2008; Mennigen et al., 2009). However, in the present study no distinction could be 
made on whether tight junction protein up-regulation was located at the skin or at the gut. 
Therefore, laser capture microdissection of sea bass intestinal epithelial cells coupled with 
qPCR, as developed in Chapter 4 (Schaeck et al., 2016), is highly recommended to be 
implemented for post-microarray validation of cell adhesion genes. This analysis can enable 
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the confirmation of the potential of V. lentus for strengthening the gut epithelial barrier 
function and as such its potential to restrict pathogenic penetration through the epithelial 
barrier.  
 
In the present thesis, glucocorticoid levels of larvae treated with the probiotic 
candidate V. lentus were significantly lower compared to larvae from the control group. This 
is in accordance with a study of Carnevali et al. (2006), who found significantly lower cortisol 
levels for European sea bass juveniles after administration of Lactobacillus delbrueckii 
delbrueckii compared to juveniles who were fed solely on live preys. In addition Rollo et al. 
(2006) indicated that L. fructivorans and L. plantarum impeded cortisol level increments 
when sea bream (Sparus auratus L.) was subjected to acute stress stimuli. Furthermore, it 
was found that the probiotic bacteria L. casei (known for Yakult®) increases stress resistance 
of juvenile Porthole livebearer, (Poeciliopsis gracilis L.) (Hernandez et al., 2010). 
Glucocorticoids are secreted in response to signals from a brain region called the 
hypothalamus, and produce an array of effects in response to stress. Acute stress is known 
to enhance the memory of earlier threatening situations and events, increases the activity of 
the immune system, and helps protect the body from pathogens. In these roles, 
glucocorticoids are in fact essential for survival. However, when the stressor is chronic, 
immune suppression is observed (Tort et al., 2011). Furthermore, coping with the stressor 
imposes an allostatic cost that may interfere with the needs of the immune response, again 
increasing disease susceptibility (Tort et al., 2011). Therefore, it is claimed that chronic 
stressors, regularly encountered in aquaculture facilities, may be one of several factors 
contributing to the increased susceptibility to infectious diseases in the fish farming industry. 
The significantly lower total glucocorticoid levels as noted only in the V. lentus treated 
larvae, hence might (at least partly) explain the markedly better survival of the V. lentus 
treated larvae following challenge with the pathogen V. harveyi, since their immune system 
may be less impaired by these stress hormones. However, further studies, including stress 
challenges, are needed to be able to indicate the type of stress (i.e. chronic or acute) and 
hence better understand the underlying mechanisms of action of the probiotic candidate. 
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8.2.3. Safety considerations 
The use of probiotics in aquaculture is strictly regulated. In the European Union (EU), 
probiotics are controlled by regulation CE n°1831/2003 (OJ L 268 of 18.10.2003) on the use 
of additives in animal food. Manufacturers have to acquire an authorization from the 
European Food Safety Authority (EFSA), which controls the beneficial effects of probiotics on 
animal and human health safety and the environment. EFSA provides expert scientific advice 
to the European commission (EC), however the ultimate approval and risk management is 
the responsibility of the EC and its constituent member states. In the United States, 
probiotics which are used in animal feed are called “direct fed microbials” and are regulated 
by the Food and Drug Administration (FDA). The efficacy and safety of probiotics are 
examined by the FDA, which can recognize the microorganism as safe.  
In order for the probiotic V. lentus, investigated in this study, to fulfill the current EU 
regulations on animal feed, several requirements would have to be fulfilled. First, the 
product has to be clearly identified to species level and secondly the product has to be 
tolerated by the target animal (EFSA, 2005). These two requirements were investigated in 
Chapter 4 (Schaeck et al., 2016). The probiotic was identified to the species level as being V. 
lentus based on the sequencing of the 16S-rRNA gene and three housekeeping genes (pyrH, 
rpoA and recA), with >97% similarity for pyrH en recA en >99% similarity for rpoA, these 
being the threshold values for species delineation according to Thompson et al. (2005). Most 
probiotics proposed as biological control agents in aquaculture belong to the genus 
Lactobacillus, Vibrio or Bacillus (Griffith, 1995; Garriques and Arevalo, 1995; Gullian et al., 
2004). The use of Vibrio spp. has been highly controversial as within this genus there are 
species that have been associated with fish/shrimp pathologies (Gullian et al., 2004). In 
addition, horizontal gene transfer was proven to contribute to the evolution and distribution 
of virulence genes in Vibrio genomes (Hazen, 2010), so a certain risk is involved in the 
selection of probiotic Vibrio strains. Therefore, their use has been limited within the 
aquaculture industry (Moriarty, 1998).  
A third prerequisite is that the product must be safe to the operator (EFSA, 2005). 
Furthermore since some aquaculture products are consumed raw or half cooked, the 
question has been raised of whether residual probiotics may cause any infection in the final 
consumer. These last two requirements have not been investigated in the current research. 
Several Vibrio species, i.e. V. vulnificus, V. parahaemolyticus and V. cholerae are considered 
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genuine human pathogens, producing important outbreaks after the consumption of 
contaminated aquatic products (Romalde et al., 2013). However, no reports were 
encountered in the published literature that recorded human infection with V. lentus. 
Nevertheless, it should be kept in mind that probiotics, which are alive when administered, 
possess the potential for infectivity or in situ toxin production, unlike other food or drug 
ingredients. 
In addition, although not stated as a prerequisite in the EFSA guidelines, when working with 
probiotics applied in aquaculture settings the environmental suitability of using probiotics 
should be evaluated through for example a life cycle assessment (LCA) methodology. This 
LCA study indicates if the potential environmental impacts associated with probiotic 
production are offset by the impact reductions linked to lower consumption levels and 
reduced waste and emission generation rates within the hatching and aquaculture system. 
Moreover it should be evaluated if the probiotic may not cause any harmful effects on other 
organisms resident in the direct environment of the aquaculture facility. In the present 
study, V. lentus was harmless for sea bass (Schaeck et al., 2016). This was in accordance to 
other studies, finding no deleterious effects of this bacteria on fish species i.e. sea bream, 
turbot and rainbow trout (Farto et al., 2003; Austin et al., 2005). However, V. lentus is 
reported to cause disease and mortality in wild octopus (Farto et al., 2003). Therefore, 
although promising as a probiotic candidate, the actual commercial use of V. lentus in sea 
bass larviculture may have low chances of success, as the species has been associated with 
disease in an aquatic organism.  
Furthermore, probiotics taken under consideration by the EFSA may not harbor any acquired 
microbial resistance factors that may be transmitted to other bacteria (EFSA, 2005). V. lentus 
revealed, in a pilot study (data not published), to be resistant against tetracycline (10ppm), 
kanamycin (20ppm) and ampicillin (10ppm). However, antibiotic resistance of probiotics 
does not pose a safety concern in itself. On the contrary, probiotics with intrinsic antibiotic 
resistance could be particularly useful for restoring/preserving a healthy gut microbiota after 
or during antibiotic treatment (Gueimonde et al., 2013). However, specific antibiotic 
resistance determinants carried on mobile genetic elements were often detected in typical 
probiotic genera, and hence constitute a reservoir of transmittable resistance for potential 
pathogens, as such representing a serious safety issue. Especially at the high densities of 
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bacteria found in aquaculture facilities, transfer via plasmids, transduction and even direct 
transformation from DNA absorbed in the water or on the sediment surfaces could all be 
likely mechanisms for genetic exchange (Moriarty, 1997; Balcazar et al., 2006). Therefore it is 
of key importance that the trait of resistance of V. lentus against abovementioned antibiotics 
is evaluated to be intrinsic or acquired, before taking any conclusion regarding the safety of 
this probiotic candidate. This remains to be undertaken in thefuture.  
 
8.3. GENERAL CONCLUSIONS 
Probiotic treatment continues to advance and promises to offer an environmental-friendly 
approach for larval disease management and production enhancement. Although there are 
many examples of microorganisms used for biocontrol in aquaculture, there are currently 
only a few commercial ‘intestinal’ probiotics used specifically during the larval stages of 
aquatic organisms. It was highlighted during the course of this thesis that a commercial 
application of probiotics warrants a thorough testing of its efficacy but most of all its safety. 
In this respect, an important aspect that should be tackled is the mechanism of action the 
probiotics use to exert their beneficial effects on the target organism. However, only few 
studies that reported a meticulous selection and characterization of safe aquaculture 
probiotics, elucidated the exact modes of action of this probiotic.  
Our results demonstrate that the GIT of healthy sea bass larvae are suitable locations for the 
selection of candidate probionts, though only a small proportion may be antagonistic to 
pathogens. V. lentus, isolated fro the GIT of sea bass larvae proved to be effective in 
inhibiting the pathogen V. harveyi, both in vitro and in vivo. This probiotic candidate 
conferred marked reductions in mortality of sea bass larvae after challenge with V. harveyi, 
when compared to the controls. Using an innovative ultra-performance liquid 
chromatography coupled to tandem mass spectrometry (UPLC-MS/MS) method for 
glucocorticoid profiling, it was found that the administration of probiotic V. lentus 
significantly decreased stress hormones in fish larvae. This result may explain why the 
survival of the larvae treated with V. lentus was found significantly higher than the control 
group upon challenge with the pathogen V. harveyi. Furthermore, the microarray results 
showed a marked up-regulation of genes when sea bass larvae were exposed to V. lentus 
compared to the non-supplemented control. This reflects the activation of the transcription 
machinery in several processes such as cell proliferation and hematopoiesis, cell adhesion, 
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redox, ROS metabolism and iron transport. Finally, with the advanced molecular tool laser 
capture microdissection and gnotobiotic sea bass system developed during the present 
researc, a gateway was created to execute the host-probiotics interaction future research. 
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SUMMARY 
 
Aquaculture has evolved from a marginal industry to an industry meeting over 50% of the 
global needs of aquatic products. However, disease outbreaks are being increasingly 
recognized as a significant constraint to aquaculture production, affecting the economic 
development of the sector. Due to the mounting awareness of the risk associated with the 
use of antimicrobial agents, treatment with beneficial or probiotic bacteria has recently 
emerged as the preferred environmental-friendly prophylactic approach in larval disease 
management and production enhancement. 
The general introduction (Chapter 1) of this doctoral thesis starts with an overview of the 
main challenges in the European sea bass larviculture sector. Next, the probiotic concept is 
introduced, followed by a review on the current status of probiotic research in European sea 
bass larviculture. Furthermore we considered the postulated mechanisms of action by which 
the probiotics exert their beneficial effects. Although a substantial amount of studies has 
confirmed the potential of probiotics in improving growth performance and/or avoiding 
pathogen-induced disease, to date there are only few studies investigating the mechanisms 
of action underlying their beneficial impact. In view of this, the general objective of this 
dissertation was to contribute to the elucidation of the modes of action of probiotics in 
European sea bass larviculture (Chapter 2).  
Studying the host raised in the absence of bacteria or under gnotobiotic conditions is crucial 
to unravel the host-microorganism interactions and draw unequivocal conclusions on the 
exact impact and mode of action of probiotics. Therefore, in Chapter 3, a germ-free sea bass 
larval model was developed. This model has an experimental set-up implemented that 
allows addition of live feed to the larvae without compromising the germ-free status. To our 
knowledge, this is the first disinfection protocol that is able to generate germ-free sea bass 
larvae up until 16 days post hatching, and is independent of the continuous administration 
of antimicrobial agents in the larval rearing water. In addition, a biotic and abiotic challenge 
test were developed. The former presents a standardized infection model adopting Vibrio 
harveyi, facilitating basic and applied research leading to knowledge on the pathogenesis 
and remediation of vibriosis in fish larvae. The latter presents a salinity stress test, offering 
the possibility to evaluate the impact of treatments on the stress resistance in larvae. 
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The usage of terrestrial probiotics in aquaculture has had limited success, emphasizing the 
need for identification of potential probiotics from the marine indigenous environment. In 
Chapter 4, 206 bacterial isolates, retrieved from sea bass larvae and adults, were screened in 
vitro for antagonistic and haemolytic activity and bile tolerance against six sea bass 
pathogens. Subsequently, the harmlessness and the protective effect of the putative 
probiotic candidates were evaluated in vivo adopting the previously developed germ-free 
sea bass larval model and a standardized infection model adopting V. harveyi, as developed 
in Chapter 3. V. lentus was found to be effective both in vitro and in vivo in inhibiting the 
pathogen V. harveyi, which is responsible for relevant economic losses in marine culture 
worldwide. In this respect, our results unmistakably revealed the protective effect of V. 
lentus against vibriosis caused by V. harveyi in gnotobiotic sea bass larvae.  
Recently molecular- and genomic-based studies are starting to provide new insights into the 
ways probiotic bacteria regulate the gastrointestinal tract environment. A combination of 
laser capture microdissection (LCM) and gene expression experiments allows cell specific 
expression profiling. In Chapter 5 an LCM protocol for procuring intestinal tissue of sea bass 
larvae was developed. Furthermore, a 3’/5’ integrity assay was developed for LCM samples 
of fish tissue, comprising low RNA concentrations. In addition, reliable reference genes for 
performing qPCR in larval sea bass gene expression studies were identified, as data 
normalization is critical in gene expression experiments using RT-qPCR. We demonstrate that 
a careful optimization of the LCM procedure allows recovery of high quality mRNA from 
defined cell populations in complex intestinal tissues. According to the geNorm and 
Normfinder algorithms, ef1a, rpl13a, rps18 and faua were the most stable genes to be 
implemented as reference genes for an appropriate normalization of intestinal tissue from 
sea bass across a range of experimental settings.  
In Chapter 6 the effect of V. lentus administration on the glucocorticoid profile of European 
sea bass larvae was investigated. The effect of these microorganisms on the glucocorticoid 
profile was assessed applying two state-of-the-art techniques. The first tool comprised a 
gnotobiotic European sea bass larval model as developed in Chapter 3. The second 
technique used was the recently developed UPLC-MS/MS method, measuring cortisol, 
precursors and phase I metabolites in each larva individually. The administration of the 
probiotic candidate V. lentus significantly decreased glucocorticoid levels compared to the 
non-supplemented control larvae, ranging from its precursors, over the active hormone to 
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its phase I metabolites. This result may explain why the survival of the larvae treated with V. 
lentus was found significantly higher than the control group following challenge with the 
pathogen V. harveyi. This study suggest that commensal microbiota are an environmental 
determinant which can significantly reduce the stress hormones.  
In Chapter 7 the cellular and transcriptomic response induced by the probiotic candidate V. 
lentus in gnotobiotic European sea bass larvae was evaluated. For this purpose, a 
histomorphological analysis was performed using the terminal deoxynucleotidyltransferase-
mediated dUTP nick end labeling (TUNEL) and the anti-proliferating cell nuclear antigen 
(PCNA) assay. In addition, we used a global transcriptomic approach to study the whole body 
mRNA changes upon administration of V. lentus by microarrays with the custom Agilent sea 
bass oligonucleotide-microarray v2.0 (4 x 44K). Following V. lentus administration, the 
apoptotic and cell proliferative index did not show significant differences between 
treatments for hindgut nor for midgut. However, V. lentus treatment did significantly alter 
gene expression related to cell proliferation, cell adhesion, reactive oxygen species, 
metabolism, iron transport, immune response, and cell death. Our data represents the first 
global analysis of V. lentus effects on the gene expression profile in gnotobiotic European sea 
bass larvae, and as such provides a first delineation of the mechanisms by which this 
probiotic candidate interacts with its host and may exert its beneficial effects. 
Although Chapters 3, 4, 5, 6 and 7 of this thesis detail individual research studies and have 
discussion sections of their own, there are general points that have to be discussed in light of 
their combined findings. Therefore, the general discussion (Chapter 8) tackles the most 
important points that raised various questions with the authors, and suggests what 
possibilities the future holds for the tools developed in the present thesis and more in 
general for probiotics in aquaculture research. 
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SAMENVATTING 
 
Aquacultuur is van zijn bescheiden bakermat geëvolueerd naar een globale industrie die 
tegemoetkomt aan meer dan 50% van de wereldwijde behoefte van aquatische producten. 
Echter, door het uitbreken van ziekten worden de verdere ontwikkeling en productie van de 
aquacultuur alsook de daarbij horende economie ernstig belemmerd. Door het toenemende 
bewustzijn inzake risico’s geassocieerd met het gebruik van antimicrobiële stoffen, is er een 
verhoogde belangstelling voor een milieuvriendelijkere en profylactische aanpak, door 
behandeling met probiotische bacteriën, om larvale aandoeningen te bestrijden. 
De algemene introductie (Chapter 1) van dit proefschrift geeft een overzicht van de 
belangrijkste uitdagingen in de Europese zeebaars larvicultuur sector. Hierna wordt het 
probiotica-concept als eventuele aanpak geïntroduceerd, gevolgd door een overzicht van de 
huidige status van probiotisch onderzoek in de Europese zeebaars larvicultuur. Verder 
worden de veronderstelde werkingsmechanismen toegelicht waarmee de probiotica hun 
heilzame werking uitoefenen. Hoewel het potentieel van probiotica met oog op het 
verbeteren van groeiprestaties en/of het vermijden van pathogeen geïnduceerde ziekte is 
bevestigd door een aanzienlijk aantal studies, is er tot op heden maar beperkt onderzoek 
verricht naar de onderliggende werkingsmechanismen van deze gunstige effecten. Bijgevolg 
was de algemene doelstelling van dit proefschrift om de werkingsmechanismen van 
probiotica op te helderen met een focus op de Europese zeebaars larvicultuur (Chapter 2). 
Het bestuderen van de gastheer in de afwezigheid van bacteriën of onder gnotobiotische 
omstandigheden is een cruciaal aspect in het ontrafelen van de gastheer-micro-organisme 
interacties. Om die reden werd in Hoofdstuk 3 een kiemvrij zeebaarslarven model 
ontwikkeld, dat toevoeging van voedsel mogelijk maakt zonder afbreuk te doen aan de 
kiemvrije-status. Bij ons weten is dit het eerste desinfectie protocol dat erin slaagt om 
kiemvrije zeebaars larven te genereren en te onderhouden tot 16 dagen na uitkomen 
waarbij continue toediening van antimicrobiële middelen onnodig is. Deze unieke tool laat 
toe de kennis over de gastheer-microbiota interactie mechanismen, geformuleerde diëten 
en ziekte behandelingen op een gestandaardiseerde wijze te evalueren. Daarnaast werd een 
biotische en abiotische challenge test ontwikkeld. Eerstgenoemde bestaat uit een 
gestandaardiseerd infectie model met Vibrio harveyi, wat fundamenteel en toegepast 
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onderzoek ondersteunt in de zoektocht naar kennis over de pathogenese en de therapie van 
vibriosis in vislarven. Laatstgenoemde, een saliniteit stresstest, biedt de mogelijkheid om het 
effect van behandelingen op de stressresistentie bij larven te evalueren. 
Het gebruik van gekende terrestrische probiotica in de aquacultuur heeft beperkte 
successen geboekt, wat de nood aan de identificatie van mariene probiotica onderstreept. In 
Hoofdstuk 4 werden 206 bacteriële isolaten, geïsoleerd uit zeebaars larven en volgroeide 
vissen, gescreend naar in vitro antagonistische en hemolytische activiteit even als 
galtolerantie tegen zes zeebaars pathogenen. Vervolgens werden de onschadelijkheid en het 
beschermende effect van de vermeende probiotische kandidaten in vivo geëvalueerd aan de 
hand van het ontwikkelde kiemvrije zeebaars larvenmodel en het gestandaardiseerde 
infectie model met V. harveyi, zoals beschreven in Hoofdstuk 3. Deze studie toonde duidelijk 
aan dat er geen schadelijke gevolgen waren voor larvale overleving door de drie 
geselecteerde probiotische kandidaten: Bacillus sp. LT3, V. lentus en V. proteolyticus. Voorts 
werd V. lentus effectief bevonden in zowel in vitro als in vivo inhiberen van het toegediende 
pathogeen agens V. harveyi, dat verantwoordelijk is voor relevante economische verliezen in 
de mariene cultuur wereldwijd. Uit deze resultaten bleek het onmiskenbare beschermend 
effect van V. lentus tegen vibriosis veroorzaakt door V. harveyi in gnotobiotische zeebaars 
larven. 
Recente moleculaire studies en innovatief gentechnologisch onderzoek beginnen nieuwe 
inzichten te verschaffen in de manier waarop probiotische bacteriën het maag-darmkanaal 
milieu beïnvloeden. Celspecifieke analyses zijn mogelijk door een combinatie van laser 
capture microdissectie (LCM) met genexpressie experimenten. In Hoofdstuk 5 werd de 
ontwikkeling van een LCM protocol voor de isolatie van zeebaars larven darmweefsel 
beschreven. Verder werd een 3 '/ 5' integriteit assay ontwikkeld voor de analyse van LCM 
visweefsel monsters, dewelke zeer kleine hoeveelheden RNA bevatten. Hiervoor werden 
betrouwbare referentie genen geïdentificeerd voor het uitvoeren van qPCR genexpressie 
studies in zeebaars larven, gezien het cruciaal belang van data in genexpressie-experimenten 
met behulp van RT-qPCR. Er werd aangetoond dat het isoleren en opzuiveren van hoge 
kwaliteit mRNA uit gedefinieerde celpopulaties in een complexe matrix zoals darmweefsel 
mogelijk was aan de hand van een zorgvuldig geoptimaliseerde LCM procedure. Volgens de 
geNorm en Normfinder algoritmen, waren ef1a, rpl13a, rps18 en faua de meest stabiele en 
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geschikte referentie-genen voor de normalisering van zeebaars darmweefsel binnen een 
breed bereik aan experimentele instellingen. 
In Hoofdstuk 6 wordt het effect van V. lentus en Bacillus sp. LT3 toediening op het 
glucocorticoïd profiel van de Europese zeebaars larven onderzocht aan de hand van twee 
state-of-the-art technieken. De eerste techniek bestond uit het gnotobiotische Europese 
zeebaars larven model zoals ontwikkeld in Hoofdstuk 3. De tweede techniek was een recent 
ontwikkelde en gevalideerde UPLC-MS/MS methode voor het kwantificeren van cortisol, 
diens precursoren en fase I metabolieten in afzonderlijke larven. De toediening van de 
probioticum kandidaat V. lentus veroorzaakte een significante daling van het glucocorticoïd 
profiel vergeleken met niet-gesupplementeerde controle larven, en dit gaande van zijn 
precursoren, van zijn actieve hormonen tot zijn fase I metabolieten. Dit resultaat kan 
verklaren waarom de overleving van de larven behandeld met V. lentus significant hoger ligt 
dan deze van de controlegroep na challenge met de pathogeen V. harveyi. Deze studie 
suggereert dat commensale microbiota een milieu-factor zijn die kunnen bijdragen tot een 
aanzienlijke vermindering van stresshormonen. 
In Hoofdstuk 7 worden de cellulaire en transcriptionele reacties, geïnduceerd door de 
probioticum kandidaat V. lentus, op gnotobiotische zeebaars larven geëvalueerd. Hiervoor 
werd een histomorfologische analyse uitgevoerd met de terminal 
deoxynucleotidyltransferase-gemedieerde dUTP nick end labeling test en de anti-
prolifererende celkern antigeen assay. Daarnaast gebruikten we een globale transcriptomics 
om de mRNA veranderingen in het gehele larvale lichaam, na toediening van V. lentus, te 
bestuderen aan de hand van microarrays met de aangepaste Agilent sea bass 
oligonucleotide-microarray v2.0 (4 x 44K). Na V. lentus supplementatie konden, noch voor 
einddarm noch voor middendarm, significante verschillen waargenomen worden voor de 
apoptotische en proliferatie index tussen de behandelingen. V. lentus behandeling 
veranderde echter wel de expressie van genen gerelateerd aan cel proliferatie, cel adhesie, 
reactieve oxygeen soorten, metabolisme, ijzertransport, immuunrespons, en celdood. Onze 
data stellen de eerste globale analyse van V. lentus effecten op het genexpressieprofiel in 
gnotobiotische zeebaars voor, en bieden als zodanig een eerste indicatie van de 
mechanismen waarmee deze probioticum kandidaat interageert met zijn gastheer en zijn 
gunstige effecten uitoefent. 
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Niettegenstaande dat de Hoofdstukken 3, 4, 5, 6 en 7 van dit proefschrift afzonderlijke 
discussies omvatten, zijn er enkele algemene punten die in het licht van hun gezamenlijke 
bevindingen meer in detail dienen besproken te worden. De algemene discussie (Chapter 8) 
behandelt deze specifieke onderwerpen en stelt welke mogelijkheden de toekomst kan 
bieden voor de besproken technieken en voor probiotica in het aquacultuur onderzoek in 
het algemeen.
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Je enthousiasme en positieve kijk op de wereld en op mensen werkt zo aanstekelijk. Bedankt 
om er te zijn voor me, zowel overdag als ’s nachts, en er altijd in te slagen me op te vrolijken. 
Ik zou, en dat meen ik, met zoveel minder plezier dit onderzoek gedaan hebben als jij er niet 
was geweest. Maarten, de enige man in de visbokaal; enorm bedankt voor je zalig droge 
humor, hyperactiviteit en objectieve nuchtere kijk op de zaken. De dagen dat je in onze 
bureau zat zijn er om nooit te vergeten. Evelien, altijd naarstig aan het werk, maar change 
dat we af en toe keer konden zeveren. Ik kom wel nog eens langs voor jouw zoveelste 
zelfgemaakte lekkernij tijdens de koffiepauze. Marieke, met jou samenwerken tijdens de 
practica en visdissecties liep steeds gesmeerd, veel succes met het finaliseren van je 
doctoraat. Martine, het was een korte maar memorabele periode samen in de visbokaal, ik 
wens jou bij deze nog heel veel succes met de verderzetting van jouw doctoraat.  
Ook een woordje van dank voor de andere collega’s. Kimberley, groot is de mens die zijn 
kinderlijk hart niet verloren heeft. Jouw teletubby-kreten die weergalmden in de gang zal ik 
zo hard missen! À bientôt! Anastacia (natascha, taschie… ), Liesbeth (Liesbie,…), Tim, Hanna-
Tay en Els, merci voor de vele fijne momenten en de gezelligheid van jullie bureau die me 
even naar Neverland brachten. Marjan bedankt voor de hulp bij de afgietsels. Heel veel 
succes gewenst met je mooie gezinnetje. 
Deze thesis had het daglicht niet gezien zonder de hulp van onze laboranten en technici. In 
het bijzonder wil ik natuurlijk Jurgen bedanken. Zonder jou zou ik waarschijnlijk nu in het 
gekkenhuis zitten. Jij hield mij met mijn voeten op de grond, kon mij sussen als ik begon te 
panikeren en bezorgde me de juiste artikels op het juiste tijdstip. Bedankt voor de voorbije 4 
jaar! Lobke, bedankt voor het vele goochelen met coupes en kleuringen en de talloze 
moederlijke adviezen. Trouwens, mijn hoesje is nog steeds te koop! Bart, jij hielp me bij het 
maken en verwerken van de foto’s en wanneer de pc weer eens niet meer werkte. Zonder 
jou had ik mijn pc meerdere malen kapotgeslagen (letterlijk). Patrick, merci om uren voor 
mij en “mijn eitjes” in de auto door te brengen. Eveneens bedankt voor je immer opgewekte 
zelve en je peperkoeken hart. Evelyne, merci voor de morele steun in zware tijden, en het is 
tijd om de traditie van de after-work party weer op te rakelen.  
Ook dank aan Bart (VdV.), Monique, Sofie (M.) en Winny met wie ik deze vier jaren 
aangename koffiepauzes heb mogen delen en onvergetelijke vakgroepuitstappen heb 
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beleefd. Bij deze ook veel succes en practicumgenot gewenst aan de nieuwe assistenten. 
Ook aan alle collega’s van de Vakgroep Pathologie, Bacteriologie en Pluimveeziekten wil ik 
mijn dank betuigen voor de jarenlange hulp. Ik heb enorm graag met jullie samengewerkt!  
Natuurlijk wil en kan ik ook de steun en betrokkenheid van mijn familie en vrienden hier niet 
onbesproken laten.  
Aan alle vrienden: merci voor alle ontspanning, het sporten, de weekendjes, de etentjes, het 
duiken, de festivals, de reizen, … het samen zijn. Meer van dat graag!! 
Leentje, mijn levensvriendin, mijn persoonlijke dagboek, mijn roste rots in de branding, mijn 
disneyprinses, mijn herinneringen van jou zijn oneindig. Er is veel gebeurd de afgelopen jaren, 
doctoraats-gestruggle bij ons beiden, relatieperikelen, vertrek en terugkomst van verre 
reizen,.. Maar we zijn er makkelijk doorheen gekomen. Allebei! Samen! Zoals we ook de 
toekomst tegemoet zullen gaan. Hakuna matata! 
Leila, bedankt voor de oneindige steun -! Als je een babysit nodig hebt,… bel dan eens naar 
Evert.  
Mijn nette huisgenootjes, Evert, Jasper, Thomo & Nathan merci voor de gezellige thuis en 
warme maaltijden de laatste jaren.  
Mama en papa, zus, schoonbroers, schoonzus en schoonouders, bedankt voor alle warmte, 
genegenheid, steun en hulp! Mama, papa, wat zou ik zonder jullie beginnen? Al 28 jaar lang 
staan jullie met raad en daad achter mij. Ook de laatste jaren kon ik steeds terugvallen op 
een luisterend oor, goede raad en een warme thuis als het nodig was (en het was nodig). 
Zonder jullie zou ik niet staan waar ik nu sta. Ik weet dat jullie heel trots zijn om mij te weten 
doctoreren en aldus afstuderen, daarom draag ik dit boekje graag aan jullie op. Lieve 
Annelies, je bent het meest fantastische zusje dat je maar kan hebben (en dat zeg ik niet 
omdat je mijn enige zus bent!). Ik, alsook mama en papa, zijn heel trots op jou! De wekelijkse 
saunasessies samen brachten me echt tot rust en dan nog eens Amerika.. What happened in 
Vegas stays in Vegas ;)  
Save the best for last. Nathan, mijn liefje, mijn bolletje. IK zweer je dat ik je niet meer lief 
kan hebben dan op dit moment. En toch weet ik dat ik dat morgen wel zal doen. Binnen een 
maandje op wereldreis (whhiiiii), maar ik realiseerde me onlangs dat onze reis eigenlijk al 
lang begonnen is, een reis zonder einde, die zal leiden tot een nieuw begin. En het is déze 
reis die ons zal meenemen op de grootste avonturen!  
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Na 4 volle bladzijden heb ik nog steeds het gevoel dat ik collega’s, vrienden, en kennissen 
overgeslagen heb. Dit wil echter niet zeggen dat ik ze vergeten ben. Bij deze: aan iedereen 
die mij bewust of onbewust geholpen heeft deze huzarentocht succesvol te voleindigen: 
Dank!  
 
 
Lieve groetjes aan iedereen en tot in den draai! 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
When life puts you in a tough situation  
don’t say “why me”, 
 say “try  me”. 
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Aquaculture evolved from a marginal industry to an industry meeting over 50% of the
global needs of aquatic products. However, disease outbreaks are being increasingly
recognized as a signiﬁcant constraint to aquaculture production, aﬀecting the economic
development of the sector. Due to the mounting awareness of the risk associated with
the use of antimicrobial agents, treatment with beneﬁcial or probiotic bacteria has
recently emerged as the preferred environmental-friendly prophylactic approach in
larval disease management and production enhancement. The general objective of this
dissertation was to contribute to the elucidation of the modes of action of probiotics in
European sea bass larviculture.
"This thesis invites the reader to dive into the world of probiotics in seabass. It is
beautifully illustrated, very well-written and a treasure for anyone interested in the
topic. You will deﬁnitely enjoy reading it. “
Annelies Declercq
“Readers will fall in love with this book. It is honest, scientiﬁcally sound and with a slight
humoristic undertone! “
Nathan Broekaert
